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First, paleomagnetic data were obtained fi^m Tertiary red beds at two localit^s 

separated by several hundred kflometers within the Qaidam Basin. When compared with 

equivalent-age expected directions for Eurasia, the mean paleomagnetic directions 

indicate no Neogene vertical-axis rotatkin of the Qaidam Basin or the Altyn Tagh fault. 

The Qaidam Basin may act as an indentor translatii^ without rotation toward the Sino-

Korean craton. 

Second, the observed paleomagnetic direction from Miocene red beds in the central 

Tarim Basin indicates 30.8® ± 5.5° flattening of inclination and 15.3° ± 6.7° cloclcwise 

vertical-axis rotatbn. Anisotropy of magnetic susceptibility measurements indicate a 

rock-magnetic (depositional or compaction shallowed) origin for the inclination 

flattening. Local deformation is the preferred interpretation for the vertical-axis rotation. 

Third, paleomagnetic data were obtained along the arcuate Tula syncline to test 

whether its strike curvature is due to oroclinal bending. The observed 13.3°±8.8° 

declination difference between the two halves of the Tula syncline is far less than the 

-40° difference predicted by oroclinal bending. Instead the arc shape of the syncline is an 

original configuration produced by transport above an arcuate thrust ramp. Along with 

paleomagnetic data from the Qaklam Bas^ this result indicates that crustal displacement 

between the Tarim Basin and the Tibetan Plateau is accommodated by strike-slip motion 

on the Altyn Tagh &ult rather than distributed shear withm the northern Tibetan Plateau. 
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Finally, we present results from red beds in the Ahun Shan, the Qilian Shan/Nan 

Shan fold-thrust belt and the Hexi corridor. In the Altun Shan, results from Miocene beds 

indicate no significant vertical-axis rotation confirming that the Akyn Tagh &ult has not 

rotated and that sinistral shear strain is concentrated on the &ult. Paleomagnetic results 

fi'om Nan Shan/Qilian Shan fold-thrust belt indicate no rotation since 30 Ma contrasting 

with prediction from previous kinematic models. This result indicates that there is no 

transrotation of the belt associated with motion on the Ahyn Tagh &ult. In the Hexi 

corridor, the observed mean paleomagnetic direction is concordant with the expected 

direction at 110 Ma providing a new local paleomagnetic reference for the Sino-Korean 

craton in agreement with published reference paleomagnetic poles for Eurasia. 
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CHAPTER 1: INTRODUCTION 

Statement of the problem 

The 2500 km northward penetration of India into Asia since ~50 Ma resulted in 

the largest of colUsk>nai orogenic system in the world, the Tibetan-Himalayan orogen 

[Argand, 1924; Besse and Courtillot, 1988; Molnar and Tapponnier, 1975]. Because 

knowledge of the evolution of this orogen is linked to understanding the physical 

properties of the continental lithosphere, major efforts have been made to retrace the 

kinematics of the different components forming this orogen [Avouac and Tappormier, 

1993; England and Houseman, 1988; Molnar et al., 1993; Peltzer and Saucier, 1996; 

Royden et al., 1997]. Nevertheless, the inability to decipher between very contrasting 

tectonic models can be attributed to scarce kinematic constraints. 

As of today, the kinematk:s of the orogen are described mainly through Global 

Positioning System measurements over the past decade (GPS), seismic-moment tensor 

analyses of the last few decades of seismkity and neotectonic studies of Quaternary slip 

rates on major fauhs. In this study, we use paleomagnetism to constrain vertical-axis 

rotations of crustal bkKks and bounding &ults in the northern regions of this orogen over 

the past 30 m.y.. The northern portion of the orogen comprises the most recent expression 

of Asian deforaiation and is likety the stage of ongoing northward propagation of the 

Tibetan plateau [Meyer et ai, 1998]. 

Central to this study is the Altyn Tagh &ult, a major sinistral strike-slip system 

believed to be a key player in the propagatmn of the collision and 
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possibly the extrusion of the Tibetan plateau [England and McKenzie, 1982; Houseman 

and England, 1996; Tapponnier et al., 1982]. To constrain the regional tectonics, we 

have collected -4000 paleomagnetic samples in various localities from Cretaceous to 

Tertiary intermountain basins in regions adjacent to the Altyn Tagh fault including the 

Tarim basin, the Qaidam basin, the Altun Shan, the Qilian Shan/Nan Shan fold-thrust belt 

and the Hexi corridor (Figure 1.1). 

The research reported in this thesis comes from 3 field seasons in northwestern 

China and 4 academic years at the University of Arizona between June 1998 and August 

2002. Fieklwork in Cretaceous to Tertiary basins adjacent the Altyn Tagh &uh was 

conducted during the summers of 1998, 1999 and 2000 for a total of 7 months. 

{Processing of samples was performed at the Paleomagnetic Laboratory of the Department 

of Geosciences, University of Arizona. This work is part of a collaborative research 

project started in 1998 by a handful of universities (University of California Los Angeles, 

University of Arizona, Arizona State University, Chinese Institute of Geomechanics) 

usti^ different geological approaches to assess a common goal: "Magnitude of slip, slip 

rate, and slip distribution along the Altyn Tagh Fault System". Within this collaboration, 

the specific goals of the dissertation were threefokl: (1) to constrain the recent to Tertiary 

kinematic history of the northern Himalayan-Tibetan orogen through paleomagnetic 

determinatioa of vertical-axis rotation of intermountain basins that are now segmented by 

the Altyn T^h &uh; (2) to constrain the total ofi&et on the Altyn Tagh fault by 

determining possible occurrence of distributed sinistral shear of regions adjacent to the 

Altyn Tagh friuh by drag folding or transrotation of bounding blocks; (3) based on these 
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paleomagnetic constraints, to evaluate existing regional kinematk; nmdels of the Ahyn 

Tagh &ult and adjacent regions, to propose alternative conceptual models and to study 

resulting tectonic implications for the development of the Himalayan-Tibetan orogen and 

the behavior of continental lithosphere in a collisional environment. 

Dissertation fomuit 

The following chapters consist of four separate manuscripts. Chapter 2, entitled 

Paleomagnetism indicates no Neogene rotation of Qaidam Basin in northern Tibet 

during Indo-Asian collision (Dupont-Nivet), is based on the combined dataset from two 

locality in the Qaidam basin south of the Altyn Tagh &ult. A similar version of this 

manuscript is published in the March 2002 issue of Geology (v. 30, no. 3, p. 263-266). 

Chapter 3, Discordant paleomagnetic direction in Miocene rocks from the central 

Tarim Basin: evidence for local deformation and inclination shallowing (Dupont-Nivet), 

reports resuhs from the Maza Tagh range in the middle of the Tarim basin north of the 

Altyn Tagh friuh. Earlier version of this Chapter is published in the June 2002 issue of 

Earth and Planetary Science Letters (v. 199, p. 473-482). 

Chapter 4, Concentration of crustal displacement along a weak Altyn Tagh fault: 

evidence from paleomagnetism of the northern Tibetan plateau, is a structural study of an 

arcuate-shaped basin directly south of the Altyn Tagh fault. Using paleomagnetism, we 

test whether the arcuate shape of the basin results from oroclinal bending or thrust-

feuhing over an arcuate ramp. An earlier version of this chapter was submitted and is 

under review for publication in Tectonics. 
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Chapter 5, Paleomagnetic results from the Altun Shan, the Nan Shan-Qilian Shan 

and the Hexi corridor indicate no Cenozoic vertical-axis rotations of the Altyn Tagh fault 

and adjacent regions, presents resuhs from several intermountain basins within fold-

thrust belts along and at the northeastern terminus of the Altyn Tagh fault. These results 

are combined with those from the previous chapters to develop a general interpretation of 

the regional kinematics. This chapter will be submitted to the Journal of Geophysical 

Research. 
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CHAPTER 2: PALEOMAGNETISM INDICATES NO NEOGENE ROTATION 

OF QAIDAM BASIN IN NORTHERN TIBET DURING INDO-

ASIAN COLLISION 

Abstract 

Paleomagnetic data were obtained from Tertiary red sedimentary rocks at two 

locations separated by several hundred kilometers within the Qaidam Basin. In the east-

central part of the basin, 30 sites from the bwer Pliocene Youshashan Formation yielded 

characteristic remanent magnetization (ChRM) directions with intermediate unblocking 

temperatures (100 to 600 °C); ChRM with high unblocking temperatures (to 680 °C) was 

isolated from 14 sites. In the same area, ChRM directions were obtained from six sites 

within the Oligocene Lower Gancaigou Formation. Characteristic magnetization was 

also determined from 16 sites within the Lower Gancaigou Formation exposed in the E 

Bo Liang range of the north-central Qaidam Basin. When compared with equivalent-age 

expected directions for Eurasia, the mean paleomagnetic directions indicate no Neogene 

vertical-axis rotation of the Qaidam Basin or the Altyn Tagh fault. The Qaidam Basin 

may act as an indentor translatii^ without rotation toward the North China bk)ck and 

driving clockwise vertical-axis rotations by differential shortening within the Nan Shan 

fold-and-thrust belt. 

IntroductioD 

Evaluatmn of geodynamic models for the Himalayan-Tibetan orogen [England, 

1986; Royden et aL, 1997; Tapponnier et aL, 1982] requires knowledge of the kinematics 
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in this coUisionai mountain system, including vertical-axis rotations of crustal blocks and 

bounding &ults. Geodetic and seismic analyses provide kinematic detail over years to 

decades [Bendick et ai., 2000; Chen et ai, 2000; Holt and Haines, 1993]. Geomorphic 

and Quaternary slip-rate observations provide kinematic estimates over time scales 

approaching 10^ yr [Meyer et ai., 1998]. Some of these analyses have indicated 

clockwise vertical-axis rotation of large parts of the northeast Tibetan Plateau, including 

the Qaidam Basin, at rates of 1°- 2°/m.y [Peitzer and Saucier, 1996]. Paleomagnetism 

6 9 can determine net vertical-axis rotation of crustal blocks over 10 to 10 yr. [Beck et ai., 

1986; Ckten et ai., 1993a; Gilder et ai., 1996]. Here we report paleomagnetic data from 

the interior of the Qaidam Basin that limit rotation to <5° over the past 30 m.y. 

The Qaidam Basin (Figure 2.1) is a relatively low elevatk)n region of 1.2x10^ 

2 km in the northeast Tibetan Plateau bounded by the Ahyn Tagh fault to the northwest, 

the Kunlun &ult to the south, and the Nan Shan fokl-and-thnist belt to the northeast. 

Compared to complexly deformed surrounding areas, the Qaidam Basin shows only 

limited deformatran of the Cretaceous to Tertiary sedimentary cover [Meyer et ai, 1998]. 

This change in elevation and intensity of deformation is attributed to higher strength of 

the Qaidam crust [Zku et al., 1995] compared to surrounding regions that underwent 

compressional deformation and attendant crustal thickening. Although these 

characteristks make the Qaidam Basin an important target for studying vertk:al-axis 

rotations related to the Himalayan-Tibetan orogen, outcrop areas within the basin are 
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Numbers indicate references listed in Table 2.1. 
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limited and often diflBciUt to access. We obtained paleomagnetic samples from two areas 

of exposed Tertiary red sedimentary rocks (Figure 2.1) and present the results in this 

paper. 

Methods 

Eight oriented core samples were collected at each site (= sedimentary horizon). 

After initial measurement of natural remanent magnetization (NRM), samples were 

thermally demagnetized at 10 to 20 temperatures from SO to 700 °C. Typical 

demagnetization behaviors are illustrated in Figure 2.2. While some samples yielded 

erratic demagnetization behavior from which characteristic remanent magnetization 

(ChRM) directions could not be determined (Figure 2.2A), the majority of samples 

revealed a characteristic remanent magnetization at unblocking temperatures >400 °C 

(Figure 2.2B, C and D). 

Results from four or more successive temperatures were analyzed by principal 

component analysis [Kirschvink, 1980] to determine sample ChRM directions. The 

maximum angular deviation (MAD) for samples ykkling ChRM directions was generally 

less than S°; samples yielding MAD >15° were rejected for fiirther analysis. Site-mean 

ChRM directions were cateulated by using methods oi [Fisher, 1953]. When one sample 

ChRM direction from a site was divergent from the preliminary site-mean direction by 

more than two angular standard deviatk>ns, that direction was rejected prior to final 

cakulation of site-mean direction. All site-mean directions from sites with four or more 



a 

GN010G 

198 

WUp 
•1 

ilAO 

573 
597 
653 

1x10-3 A/m 
\ I 

\ i 
o'd 
EOn 

N 

24 

XQ051A 
K ^ D 1 P 

r ^660 

WUp 

5x10-« A/m 

^666 

• -

678 " j v J 691 -N 

EDn 

J 

0 

193 
XQ012B 

WUp 

1x10-3 A/m 

EDn 

Figure 2.2. Vector-component diagrams of thermal-demagnetization behavior, a: Sample 
GNOIOG orom E Bo Liang range, b: Sample XQOSIA from XQA section, Xiao Qaidam 
area, c: Sample XQ012B from XQB section, Xiao Qaidam area. Open circles are 
projections onto vertkral plane, and filled circles are projections onto horizontal plane. 
Numbers adjacent to data points indicate temperature (in °C). 



25 

sample ChRM directions are listed in Table 2.2 and were used to calculate section-mean 

directions. 

Xiao Qaidam Results 

Southwest of Xiao Qaidam, paleomagnetic samples were collected across a broad 

anticline in two stratigraphic sections (Figure 2.3A). The Xiao Qaidam section A (XQA 

section) is composed of 22 sites in dark red sandstones covering ~200 m of folded strata 

in the Oligocene Lower Gancaigou Formation [Qinghai Bureau of Geology and Mineral 

Resources, 1991]. Only seven sites provided well-determined site-mean characteristic 

magnetization directions (Figure 2.3B) because the coarser sandstones produced erratic 

thermal-demagnetization behavior (Figure 2.2A). Concentration of unblocking 

temperatures in the 650 to 685 °C range for the characteristic component (Figure 2.2B) 

and rock-magnetic experiments indicate that this magnetization is carried by hematite. 

One site-mean direction was discarded on the basis of its aberrant direction that probably 

resulted from local structural complexity in this folded section. The remaining site-mean 

directions pass a foki test ([A/cFaiidlen, 1990] at 99% confidence; the single normal-

polarity site-mean direction is indistinguishable from the antipode of the mean computed 

from the reverse-polarity sites. These observatmns suggest a primary origin for the stable 

paleomagnetism in the XQA section. When compared to the expected Eurasian 

Oligocene declination [Besse and Courtillot, 1991] at the sampling knration, the section-

mean declination indicates no significant vertical-axis rotation since the Oligocene 
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(Figure 2.3B; Table 2.1). As explained subsequent^, we interpret the flattening of 

inclination to be a depositional or compaction efiect without tectonic significance. 

The Xiao Qaidam section B (XQB section) covers a stratigraphic thickness >150 

m along a 17 km sub crop of light brown muddy sandstones in the lower Pliocene 

Youshashan Formation [Qinghai Bureau of Geology and Mineral Resources, 1991] 

(Figure 2.3A). Fortuitous construction of a petroleum pipeline during our field sampling 

permitted collection of paleomagnetic samples from 33 stratigraphic levels in the walls of 

the pipeline ditch. Following removal of a present-field component by thermal 

demagnetizatk>n to 100 °C, two stable paleomagnetic components were observed (Figure 

2.2C): (1) an intermediate-temperature component (ITC) with unblocking temperatures in 

the 100 to 600 °C range, probably carried by magnetite, and (2) a high-temperature 

component (HTC) with unblocking temperatures dominantly in the 660 to 685 °C range, 

suggesting a hematite carrier. Aside from three sites with samples showing erratic 

demagnetization behavior, site-mean directions were determined for ITC components 

from 30 sites and for HTC components from 14 sites (Figure 2.3C). ITC site-mean 

directions pass a reversal test [McFadden and McElhinny, 1990] with B classification, 

and HTC components pass the reversal test with C classificatioiL A prefokling origin for 

both ITC and HTC components is suggested by improved clustering of site-mean 

directions upon restoring k)cal bedding to horizontal compared with in situ directk>ns 

(Figure 2.3C), and positive fold tests [fVatson and Enfan, 1993] at 99% confidence level 

for the HTC component and 95% for the ITC component. The important result of 
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Figure 2.3. Paleomagnetic results from Xiao Qaidam area. A; Geologic map showing major units, structures, and 
locations of sampled sections. B; Equal-area projections with in situ and tilt-corrected site-mean characteristic 
remanent magnetization (ChRM) directions from XQA section. Filled symbols indicate directions in lower 
hemisphere; open symbols indicate directions in upper hemisphere; crossed symbol indicate discarded direction. 
Overall section-mean direction with 95% confidence limit is shown in upper projection compared with expected 
direction (black square) calculated from 30 Ma reference pole for Eurasia [Besse and Courtillot, 1991]. Line is 
drawn through expected declination for comparison with observed mean declination. C: Equal-area projections of 
both intermediate- and high-temperature components (ITC and HTC) of ChRM from XQB section. Larger squares 
are mean directions for normal- and reversed-polarity groups of sites with surrounding 95% confidence limits. 
Overall section-mean HTC and ITC directions are compared to the expected direction calculated from 10 Ma 
reference pole for Eurasia [Besse and Courtillot, 1991]. 
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tectonic significance is that the mean observed declination for both the ITC and HTC 

components is indistinguishable from the expected declination calculated from the 10 Ma 

Eurasian reference pole [Besse and Courtillot, 1991] (Figure 2.3 B; Table 2.1). This 

result indicates that no significant vertical-axis rotation has affected the Xiao Qaidam 

locality since Early Pliocene time. The specific limitation on clockwise rotation is that, 

with 95% confidence, no clockwise vertical-axis rotation exceeding 0.4° has afiected this 

part of the Qaidam Basin since Early Pliocene time. 

E Bo Liang Results 

Situated -30 km to the south of the Altyn Tagh Fault, the E Bo Liang range 

(Figure 2.1) is the hanging wall of an east-vergent, north-south trending, thrust fault 

(Figure 2.4A). Paleomagnetic samples were collected from 23 sites in a 70-m-thick 

monoclinal section of green and reddish-brown mudstones and sandstones of the 

OUgocene lower Gancaigou Formation. An additional five sites were collected from an 

anticline at the southern end of the thrust. Thermal demagnetization of samples from 12 

sites in greenish and/or coarser-grained strata produced erratic behavior from which no 

ChRM could be determined. For samples from the remaining 16 sites, thermal 

demagnetization above 200 °C revealed a characteristic m^netization with unbk)cking 

temperatures dominantly <600 °C (Figure 2.2D). From the unblocking temperatures, we 

mterpret this stable component of magnetizatk>n to be carrfed predominantly by 

magnetite, although the presence of hematite is also indicated by rock-magnetic 
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Figure 2.4. Paleomagnetic results from E Bo Liang locality. A: Geologic map showing 
major units, structures, and locatk>ns of san^led sections. B: Equal-area projections with 
in situ and tflt-corrected site-mean ChRM dffectmns. Symbols as in Figure 2.3. Overall 
locality-mean dnrection is compared with expected direction calculated from 30 Ma 
reference pole for Eurasia [Besse and Courtillot, 1991]. 
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experiments. The resulting site-mean directions pass a reversal test [McFadden and 

McElhinny, 1990] with C classification. Prefolding magnetization is indicated by 

increase in preciskin parameter from 36.7 in situ to S3.7 upon restorii^ local bedding to 

horizontal and a positive fold test [fVatson and Enkin, 1993] at 95% confidence level. 

The section-mean declination is indistinguishable fiom the expected Oligocene 

declination [Besse and Courtillot, 1991], indicating no significant vertical-axis rotation of 

the E Bo Liang locality since the Oligocene (Figure 2.4B; Table 2.1). Consistent with 

other paleomagnetic results along the Altyn Tagh Fault [Dupont-l^ivet et ai, 2001], lack 

of rotation of the E Bo Liang range suggests that shear associated with the left-lateral 

Altyn Tagh &ult is localized on the fault and does not extend south into the Qaidam 

Basin. 

Discussion and Conclusions 

An interesting feature of the paleom£^netic data from both locations is observed 

inclinations shallower than expected inclinations by as much as 26° (Figs. 2.3B and C 

and 2.4B; Table 2.1). Discordant shallow inclinations have been observed in many 

paleomagnetic studies of Cretaceous to Tertiary red sedimentary rocks in Asia. An 

important issue is whether these shallow inclinations indKate (I) northward tectonic 

transport {Chen et ai, 1993b; Halim et ai, 1998]; (2) internal deformation of the 

Eurasian plate [Cogne et ai, 1999]; (3) long-lived non-dipole components of the 

geomagnetic field \Chauvin et al., 1996; fVestphal, 1993]; or (4) rock-magnetic effects 

such as mitialty shallow detrital remanent magnet^don or post depositk>nal compaction 
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shallowing of inclination \Tan, 2001]. Our results &vor a rock-magnetic origin for the 

observed shallow inclinations from the Qaidam Basin. Interpreting the 26° shallowing of 

inclination for the HTC component from the XQB section by northward tectonic 

transport would require ~2S00 km of latitudinal motion in <10 m.y., implying a velocity 

>25 cm/yr! Also, deformation of the required magnitude between Siberia and Europe in 

the Pliocene is not evident in the geologic record. Another interesting aspect of the XQB 

section dataset is that the inclination of the HTC carried hematite is ~15° shallower 

than the inclination of the ITC carried by magnetite. Because these components recorded 

the same geonK^netic fiekL, it is di£5cult to explain this inclination difference by external 

processes afifecting the geomagnetic field or the reference pole. Clearly this shallow 

paleomagnetic direction has an internal rock-magnetic origin that we think is due to 

depositional effects on plate-like detrital hematite particles [Kodama, 1997; Sun and 

Kodama, 1992; Tauxe and Kent, 1984]. We further suspect that the smaller inclination 

shallowing of the ITC component from the XQB section is because that component is 

carr^ by detrital magnetite, whkh may be less affected by shallowing of detrital 

remanent magnetization [Deamer and Kodama, 1990]. Although the shallow 

paleomagnetic inclinations in older Cenozok: and Mesozoic red sedimentary rocks in 

Asia may result in part from northward tectonic transport, inaccuracies in reference 

paleomagnetic poles and non-dipole components of the geomagnetic field, our 

observations clearly indicate that rock-magnetic effects dominate in some geologic units. 

Mean paleomagnetic decimations fiiom two locations separated 1^ several 

hundred kilometers within the Qaidam Basin indicate no vertical-axis rotation during the 



past 30 m.y. Kinematic models [Peltzer and Saucier, 1996] implying clockwise rotation 

of the Qaidam Basin at rates approaching l°/nLy. cannot be extrapolated to Oligocene 

time. Because the Altyn Tagh &ult forms the northern boundary of the Qaidam Basin, 

our results indicate no Neogene rotation of this lithospheric-scale fault [Wittlinger et ai, 

1998]. In contrast, paleomagnetic results from areas east of the Qaidam Basin and north 

of the Kunlun fault [Frost et ai, 1995; Halim et al., 1998] [Cogne et ai, 1999] indicate 

clockwise vertical-axis rotations of l5°-30° (Figure 2.1, Table 2.1). The Qaidam Basin 

may act as an indentor translatii^ without rotation toward the North China block and 

driving clockwise vertical-axis rotations by dififerential shortening within the Nan Shan 

fold-and-thrust belt. South of the Kunlun fault, oroclinal bending north of the eastern 

Himalayan syntaxis is suggested by curved strike-slip &ults and paleomagnetic data 

indicating increasing amounts of clockwise rotation toward the southeast within the 

Qiangtang terrane (Figure 2.1, Table 2.1). This pattern of rotations is consistent with 

right-slip simple shear of the eastern Tibetan Plateau [England and Molnar, 1990]. The 

change in geodynamics across the Kunlun feult may result from viscous flow of lower 

crust and mantle lithosphere south of the friult [Owens and Zandt, 1997; Royden et ai, 

1997] m contrast to stronger k)wer crust and mantle lithosphere within the Kunlun-

Qaidam terrane north of the Kunlun friuk [Zhu and Helmberger, 1998]. 
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TABLE 2.1. PALEOMAGNETIC RESULTS OF THE EASTERN TIBETAN PLATEAU 

Direction-space analysis 
Locality Age Location Ot)served Oirecti'on Rotation Flattening Reference 

Lat Long / D ass R±AR F±AF 
(Ma) (°N) (°E) r) n C) n n 

Xiao Qaidam (HTC) 10 37.4 95.3 33.4 0.7 5.8 -5.6 ±6.0 26.4 ±4.9 This study 
Xiao Qaidam (ITC) 10 37.4 95.3 48.6 0.4 3.6 -5.9 ±4.9 11.2 ±3.3 This stiJdy 
Xiao Qaidam (A) 30 37.5 95.2 37.3 11.0 11.5 3.3 ±12.0 25.6 ± 9.4 This study 
E Bo Liang 30 38.7 92.8 43.6 8.0 5.1 -0.2 ± 6.4 20.1 ±4.4 This study 
Yushu 10 33.2 96.7 30.7 35.6 9.0 29.8 ± 8.7 25.4 ± 7.4 1 
TuduoLake 20 35.3 98.6 46.2 20.1 27.1 12.5 ± 33.1 13.1 ±21.8 1 
Jungong 10 34.7 100.7 33.5 19.8 6.0 14.2 ± 6.2 24.3 ±5.1 1 
Xining 40 36.5 102.0 40.8 29.3 13.2 20.1 ± 14.6 21.2 ±10.8 1 
Xining-Lanzhou 120 36.2 103.5 44.1 44.7 5.1 27.8 ± 6.8 5.5 ± 5.5 2 
Fenghuoshan 50 34.5 92.8 34.6 25.5 6.0 12.3 ± 7.4 25.1 ±5.7 2. 3 
Hekou group 120 39.0 99.6 39.0 41.9 5.1 25.1 ± 6.5 12.6 ±5.4 4 

Pole-space analysis 
Locality Age Location Ot)served Pole Rotation Translation Reference 

Lat Long Lat Long Ags R±AR p ± A p  
(Ma) CN) rE) (°N) CE) n n n 

Mangkang 80 29.7 98.6 48.6 173.5 6.0 33.6 ± 7.2 -4.5 ± 6.2 5.6 
South China t)lock 80 30.0 102.9 72.8 241.1 5.0 3.7 ± 5.2 11.0 ±4.8 7 
South China block 80 26.5 102.4 81.5 220.9 7.1 7.0 ±6.8 1.9 ±6.3 5 
South China kMock 120 27.9 102.3 77.4 196.2 14.0 3.5 ±13.3 -3.6 ±11.9 8 
South China block 120 26.8 102.5 69.0 204.6 4.3 4.5 ± 5.7 1.0 ±5.3 5 
Notes: Locality = name of paleomagnetic sampling locality. Age = age of reference Eurasian pole 
[Sesse and Oxirtilka, 1991] used to calculate expected inclination and declination at the sampled 
locality. Location Lat = latitude of sampling locality. Location Long = longitude of sampling locality. 
Ot)sefved direction = mean paleomagnetic direction. I = inclination. D = declination. 095 = radius 
of 95% confidence circle. Rotation = vertical-axis rotation indicated t)y observed declination 
minus expected declination (positive indicates clockwise rotation). A/? = 95% confidence limit on 
rotation. Flattening (F) = flattening of inclination indicated by exp^ed inclination minus observed 
inclination. AF = 95% confidence limit on flattening. Observed pole = observed paleomagnetic 
pole at sampling locality. Aas = 95% confidence limit on observed pole. Translation (p) = distance 
of sampling locality from observed pole minus distance from reference pole; Ap = 95% confidence 
limit on translation. References: 1, [Cogn6 et a!., 1999]; 2, [Halim et al., 19i98]; 3, [Lin and Watts, 
1988]: 4. [FnjstetaL, 1995]; 5, [Huang etal., 1992]; 6. [Otofufi et al., 1990]; 7. [EnkinetaL, 1991]; 
8. [Zhuetal., 1988]. 
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TABLE 2.2. SITE-MEAN PALEOMAGNETIC DIRECTIONS 

Geographic Stiatigraohic 
Site No. / D / D ags k N Dipaz. Dip 

(") n r) n n n n 
E BO LIANG SECTION 
GN004 -26.4 218.4 -50.0 205.9 11.8 23.2 7 246 28 
GN006 -25.2 208.1 -45.3 193.8 4.4 165.3 7 246 28 
GN007 -19.0 218.9 -43.0 210.0 7.5 68.0 6 246 28 
GN010 -11.2 208.8 -32.5 201.3 5.4 91.7 8 246 28 
GN012 -19.5 198.5 -36.4 186.2 20.3 12.1 5 246 28 
GN013 -27.1 197.1 -42.6 180.3 5.9 135.7 5 246 28 
GN014 -31.5 207.9 -51.0 189.5 6.8 59.4 8 246 28 
GN015 -29.2 196.6 -44.2 178.4 9.6 35.0 7 246 28 
GN016 -32.2 201.1 -48.8 181.1 6.1 72.2 8 246 28 
GN017 -22.4 201.9 -40.4 188.4 5.1 179.6 5 246 28 
GN018 -9.4 198.9 -27.4 191.5 9.2 32.5 8 246 28 
GN021 29.4 353.4 44.4 352.2 10.5 34.7 6 179 15 
GN022 35.4 0.7 51.4 1.2 4.7 173.1 6 179 16 
GN023 38.5 22.8 45.5 23.7 3.7 223.3 7 195 7 
GN024 -29.1 188.5 -40.6 170.2 11.2 38.0 5 246 28 
GN026 -31.1 193.7 -44.6 174.0 8.2 46.8 7 246 28 
AVG. 26.5 20.0 6.2 36.7 16 Geographic 
AVG. 43.6 8.0 5.1 53.7 16 Stratigraphic 

XQA SECTION 
XQ039 -42.5 185.7 -42.5 185.7 11.0 31.3 7 0 0 
XQ043 45.9 13.7 45.9 13.7 19.9 15.7 5 0 0 
XQ051 -22.9 201.0 -46.9 216.4 10.9 32.5 6 163.5 42 
XQ052 7.8 186.8 -30.8 190.7 8.9 39.6 8 163.5 42 
XQ053 15.9 177.0 -25.3 177.9 12.3 24.9 7 163.5 42 
XQ054 10.2 184.9 -29.0 187.8 14.5 15.5 8 163.5 42 
XQ056* 27.4 229.1 5.3 217.8 7.8 51.5 8 163.5 42 
AVG. 12.8 7.9 25.1 8.1 6 Geographic 
AVG. 37.3 11.0 11.5 34.8 6 Stratigraphic 

XQB SECTION High Temperature Component 
XQ002 -12.0 180.3 -33.0 176.9 12.3 21.2 8 200 23 
XQ003 21.4 346.2 31.1 1.8 13.5 17.9 8 101 32 
XQ004 19.8 348.1 26.3 354.8 10.2 30.2 8 104 17 
XQ005 27.9 346.4 34.7 349.8 10.1 31.2 8 135 8 
XQ007 -27.6 181.4 -46.5 177.7 11.2 30.2 7 194 20 
XQ008 -22.4 194.2 -41.9 194.2 17.0 21.2 5 194 20 
XQ009 19.4 9.2 38.8 8.2 6.5 87.4 7 194 20 
XQ010 -20.6 180.7 -39.5 177.7 8.5 42.9 8 194 20 
XQ012 -16.3 169.2 -33.8 165.1 7.4 68.0 7 194 20 
XQ013 -23.7 186.7 -43.0 184.8 12.7 23.5 7 194 20 
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XQ014 -1.1 186.5 -20.4 186.0 6.6 70.5 8 194 20 
XQ018 -19.4 188.2 -38.8 187.0 9.1 54.8 6 194 20 
XQ028 -9.7 5.0 9.5 5.0 21.4 19.4 4 194 20 
XQ033 -7.6 182.7 -26.6 181.5 14.4 29.1 5 194 20 
AVG. 16.6 0.4 6.8 35.6 14 Geographic 
AVG. 33.4 0.7 5.8 47.9 14 Stratigraphic 

XQB SECTION Intermediate Temoerature ComDonent 
XQ002 -28.6 181.7 -49.5 174.8 6.3 77.3 8 200 23 
XQ003 31.4 345.6 39.4 8.5 15.2 20.3 6 101 32 
XQ004 30.9 340.0 39.2 350.6 5.5 103.7 8 104 17 
XQ005 39.3 348.7 45.8 353.0 5.6 97.2 8 135 8 
XQ006 52.8 2.9 71.7 352.4 9.0 39.0 8 194 20 
XQ007 -31.6 183.6 -50.7 180.0 6.6 72.2 8 194 20 
XQ008 -29.5 190.9 -48.9 189.9 8.7 48.6 7 194 20 
XQ009 32.5 7.8 51.8 5.6 7.1 61.9 8 194 20 
XQ010 -26.2 185.2 -45.4 182.7 6.9 64.5 8 194 20 
XQ011 -42.9 185.7 -62.1 180.9 12.4 30.1 6 194 20 
XQ012 -30.2 172.0 -47.9 165.1 9.1 45.2 7 194 20 
XQ013 -29.4 187.4 -48.7 185.2 7.6 54.5 8 194 20 
XQ014 -13.8 185.9 -33.0 184.6 5.6 119.2 7 194 20 
XQ017 -16.0 169.3 -33.5 165.2 24.2 11.0 5 194 20 
XQ018 -24.8 186.8 -44.1 184.9 6.4 89.9 7 194 20 
XQ019 35.0 3.4 54.1 359.1 6.3 91.6 7 194 20 
XQ020 39.9 4.2 59.0 359.4 10.7 27.7 8 194 20 
XQ021 29.4 5.5 48.6 2.8 3.7 269.8 7 194 20 
XQ022 9.2 10.2 28.6 9.7 7.3 68.5 7 194 20 
XQ023 33.9 8.9 53.2 6.9 3.5 258.1 8 194 20 
XQ024 29.6 7.8 49.0 5.7 7.7 53.2 8 194 20 
XQ025 27.6 356.9 46.0 352.0 7.6 78.2 6 194 20 
XQ026 -39.1 184.1 -58.2 179.3 10.5 28.8 8 194 20 
XQ027 28.4 16.9 47.9 17.8 6.1 82.3 8 194 20 
XQ028 16.7 3.5 35.9 1.5 5.8 91.0 8 194 20 
XQ029 40.8 6.0 60.0 1.8 4.3 245.8 6 194 20 
XQ030 35.5 4.9 54.6 1.1 10.4 34.8 7 194 20 
XQ031 27.4 356.8 45.8 351.9 6.1 84.6 8 194 20 
XQ032 43.0 3.3 62.0 357.2 5.2 98.2 9 194 20 
XQ033 -18.7 180.8 -37.6 178.2 7.3 58.8 8 194 20 
AVG. 30.7 2.2 3.8 48.3 30 Geographic 
AVG. 48.6 0.4 3.6 55.6 30 Stratigraphic 
f/otes to table 2.2: Site No. - number for paleomagnetic site; / and D -

inclination and declination of site-mean direction in geographic coordinates 
(with no structural correction) and stratigraphic coordinates (after restoration 
of local bedding to horizontal); 095 - radius of cone of 9S% confidence about 
site-mean direction; k - concentration parameter; N - number of samples 
averaged to calculate site-mean paleomagnetic direction; Dip Az. - azimuth of 
down dip direction of local bedding; Dip - angle of dip of local bedding; 
AVG. - average direction for sampled section calculated treating each site-
mean direction as a unit vector is given in stratigraphic and geographic 
coordinates; * - discarded site. 
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CHAPTERS: DISCORDANT PALEOMAGNETIC DIRECTION IN MIOCENE 

ROCKS FROM THE CENTRAL TARIM BASIN: EVTOENCE 

FOR LOCAL DEFORMATION AND INCLINATION 

SHALLOWING 

Abstract 

From exposures at the southeastern end of the Maza Tagh range in the central 

Tarim Basin (Latitude; 38.5°N; Longitude: 80.5°E), 55 paleomagnetic sites were 

collected from red mudstones and sandstones of the Miocene Wuqia Formation. Thermal 

demagnetization revealed a high unblocking temperature characteristic remanent 

magnetization (ChRM). Five sites collected across a kink fold yield a positive fold test at 

99% confidence level. The mean directions computed from normal and reversed polarity 

sites are antipodal suggesting a primary origin for the ChRM. In stratigraphic 

coordinates, the final set of 30 site-mean ChRM directions yields a section-mean 

directk)n: inclination (I) = 29.4®; declinatk>n (D) = 24.7°; 095 = 6.2®. When compared to 

the Miocene expected direction (at 20 Ma), the observed direction indicates 30.8° ± 5.5° 

flattening of inclination and 15.3° ± 6.7° ck)ckwise vertical-axis rotatk)n. Anisotropy of 

magnetic susceptibility (AMS) measurements on 155 samples show a strong foliation of 

1.092 with a subvertical minimum susceptibility axis. These observations indkate a 

rock-magnetic (depositional or compactkin shallowed) origin for the inclination 

flattening. The clockwise deflection of the observed declination can be interpreted as 
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either (1) 15.3° ± 6.7° clockwise rotation of the entire Tarim Basin since the Miocene; or 

(2) a local km-scale structural deformation. It is not a simple matter to discard the 

interpretation of 15.3° ± 6.7° ck>ckwise rotation of the Tarim Basin because the festest 

rates of rotation determined from GPS and slip-rate studies of Quaternary faults could 

produce such a rotatran if extrj^wlated to 20 Ma. Nevertheless, we argue that local 

deformation is the preferred interpretation because the map pattern of local structures 

shows ~20° clockwise deflection toward the southeastern end of the Maza Tagh range 

where the paleomagnetic samples were collected. 

Introduction 

The Tarim Basin is the largest intracontinental basin in China. This relatively 

undeformed crustal block within the Indo-Asian collision system is separated from the 

Tibetan Plateau and Qaidam Basin to the south by the left-lateral Altyn Tagh Fault 

(Figure 3.1a). To the north of the Tarim Basin is the Tien Shan which has experienced 

Cenozoic compressional deformation. The Tarim Basin is interpreted as a secondary 

indentor transmitting deformation north from the Himalayan-Tibetan orogen to the Tien 

Shan and Kazakhstan [Molnar and Tapponnier, 1978] [Neil and Houseman, 1997]. 

Therefore determinii^ the Cenozoic kinematkrs of the Tarim Basin is essential to 

understanding the Indo-Asian collision [Tapponnier et aL, 1982] [Houseman and 

England, 1986]. 
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' Tarim Basin 
area of Fig. 2  ̂ a 

Figure 3.1. a: General tectonic map of the Indo-Asia collision system showing 
topography over 2000 meters (gray) and major structures, b: Paleomagnetic results from 
Cretaceous (squares) and Tertiary (circles) rocks of the Tarim Basm regk>n. The observed 
declinations (black arrows) are compared to the expected declination (gray line) 
computed from the APWP of Eurasia [Enkin et aL, 1992]. Large symbol: this study. 
Smaller symbols with reference numbers are from previous paleomagnetic studies 
(results in Table 3.1). 
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An aspect of particular tectonic significance is possible rotation of the Tarim 

Basin about a nearby Euler pole and the relationship of such rotation to the onset of Tien 

Shan deformation in the Early Miocene [Yin el al., 1998] [Sobel and Dumitru, 1997] 

[Burchfiel et al., 1999]. The west to east decrease in width of the Tien Shan has been 

interpreted to indicate differential north-south shortening resulting &om 1°±2.5° of 

clockwise rotation for the Tarim Basin [Avouac et al., 1993]. Kinematic models derived 

fi-om Quaternary &ult slip rates [Peltzer and Saucier, 1996] {Avouac and Tapponnier, 

1993] have predicted clockwise rotation at a rate of ~0.5°/m-y.. Moreover, recent Global 

Positioning System (GPS) [Abdrakhmatov et al., 1996] [Bendick et al., 2000] and 

seismic-moment tensor analyses [Molnar and Ghose, 2000], along with neotectonic 

studies [Arrowsmith and Streaker, 1999], indkrate rapid convergence in the Tien Shan 

which may imply clockwise rotation of the Tarim Basin at a rate approaching l°/m.y. 

However, it is di£&;ult to know how ^ back in geologic time these rotatk)n rates can be 

extrapolated. In principle, paleomagnetism can allow determination of net rotation back 

to the age of the rocks analyzed. 

Paleom^netic studies of Cretaceous red sedimentary rocks from the northwestern 

and northern perimeter of the Tarim Basin [Li et al., 1988] [Chen et al., 1992] suggest 

little net rotation while results from Tertiary sedimentary rocks of the Western Kunlun 

Shan and adjacent to the Altyn Tagh Fauh [Gilder et al., 1996] [Rumelhart et al., 1999] 

[Yiny 2000] indKate rotations dominated by local structures. Cakulated rotations are 

summarized in Table 3.1 and illustrated in Figure 3.1b. All of these paleomagnetic results 

are from rocks which are aUochtonous to the Tarim Basin. In an attempt to more clearly 
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determine the rotation of the Tarim Basin sensu strictu, we undertook paleomagnetic 

study of Miocene red sedimentary rocks from the Maza Tagh range in the central Tarim 

Basin. 

Paleomagnetic Sampling and Analysis 

The Maza T^h range extends in a northwest-southeast direction for several 

hundred km with a 300 m relief above the average -1200 m elevation of the Tarim Basin. 

The fiindamental structure is a northeast verging thrust exposing Permian and Late 

Tertiary rocks [Jia et al., 1997] (Figure 3.2). Following standard procedures [Butler, 

1992], 55 sites (site is 8 or more samples within 1 sedimentary horizon) were collected at 

the southeastern end of the range in a 255 meter-thick homoclinal section of dark red 

mudstones and sandstones interbedded with orange cross-bedded coarse sandstone of the 

Wuqia Formation (Niwqi and Ni^qj)- A Miocene age for the Wuqia Formation is 

indicated by fossil assemblages from seven correlated stratigraphic sections within the 

Maza Tagh range including our sampled section [Zhong et al., 1995]. Other than at the 

southeastern end of the range, outcrops of the Tertiary strata were inaccessible because of 

limited incision in this extremely arid envronment. At the western end of the 

investigated area, five sites were collected from Permian basahs (Figure 3.2) but 

paleomagnetic analyses of these samples indicate remagnetization of indeterminate age 

and these results are not further discussed. 
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5 sites>in Permian basalts 

55 sites in  ̂
Miocene red beds NZAL -2-3 NMQ1-2 Psan Thrust 

Figure 3.2. Geologic map of the eastern Maza T^h [Zhong et al., 1995]. Sampled section 
at the eastern tip of the structure is red beds of the upper and lower member ^^ocene (Ni 
in Chinese terminology) Wuqia formation (Niwqi-2)> Nim|i-2 is conformable on top of 
Paleocene-Eocene (E1.2) gypsum rich formatran and underlies Plk)cene (N2) formation of 
mudstone and sandstone interlayered with poorly consolidated conglomerates. At the 
western end, outcrops of Permian basalts (P3) were sampled. 
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Samples from five sites were destroyed either during shipment or sample 

preparation. All prepared samples were stored, thermally demagnetized and measured 

within a shielded room with average magnetic field intensity under 200nT. 

Measurements of natural remanent magnetization (NRM) were done using a three-axis 

cryogenic magnetometer (2G model 7SSR). Intensities of NRM ranged from 4x10'̂  A/m 

to 1x10'̂  A/m. Following initial NRM measurements, samples were thermally 

demagnetized in 10 to 20 steps from SO°C to 700°C with increments as small as 5°C. 

After removal of a small present field component below 300°C, demagnetization to 

higher temperatures was generally successfiil in isolating a ChRM as evidenced by a 

progression of vector end points to the origin of orthogonal projection diagrams 

(Figure 3.3a). For these samples, principal component analysis {Kirschvink, 1980] of 

NRM at four or more successive temperature steps was used to determine the 

characteristk; remanent magnet^tion (ChRM). Most samples had ChRM with high 

unblocking temperatures in the 650°C to 690°C range and Maximum Angular Deviation 

determined from principal component analysis was less than 5°. These high unblocking 

temperatures and isothermal remanent magnetization (IRM) acquired predominantly 

above 300 mT and still increasing at IT (Figure 3.3b) suggest that hematite is the carrier 

of the ChRM. Following determination of at least four sample ChRM directions from a 

site, site-mean directions were determined using standard statistkal methods [Fisher, 

1953]; sample ChRM directions more than two angular deviations from the preliminary 

site-mean direction were rejected prior to cakulation of the final site-mean direction. 

From the SO demagnetized sites, nine sites had less than four sample ChRM directions 
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5*10-3 A/m 

|^MT017G| 
I -̂ MTOOeB I -.-MT029*! U,-mtoszd| 

Figure 3.3. a: Vector end point diagram of representative sample (MTOl IC). b: IRM 
acquisition behaviors of typical samples, c: Two bottom equal-area projections show site-
mean directions project^ on the lower hemisphere (black symbols) and upper 
hemisphere (open symbols) in geogr^hic and stratigraphic coordinates. In stratigraphic 
coordinates, the mean of normal sites is shown by black square and the mean of reverse 
polarity sites is shown by gray square; surrounding ovals are 95% confidence limits. 
Crossed symbols are site-mean directmns discarded from calculatk>n of final mean 
direction. In the top diagram, the observed mean direction is shown by gray square with 
95% confidence limit and the expected direction computed from the APWP of Eurasia at 
20 Ma [Enkin et aL, 1992] is shown by black triangle, d: Fold test was performed across 
this kink fold within the otherwise homoclinal sampled section. Equal area projections 
show in-situ and tik-corrected sfte-mean directions with 95% con&lence circles. 
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and were rejected for further analysis. Site-mean dh«ctions were calculated from the 

remainii^ 41 sites. Seven sites corresponding to parts of the section affected by fractures 

associated with meter-scale deformation had confidence limit (095) larger than 20° and 

were rejected from further analysis. Finally, from the 55 sites collected, 34 site-mean 

ChRM directions were determined. These site-mean directions are listed in Table 3.2 and 

illustrated in Figure 3.3c. Normal and reversed polarity groups of directions are 

immediately apparent with the exception of four sites with aberrant WNW declinations 

(see crossed directions on Figure 3.3c and sites indicated by * in Table 3.2). These site-

mean directions deviate in declination from the cluster of reversed polarity directions 

suggesting that these beds were afifected by small-scale rotation (slumping?) about an 

axis perpendicular to bedding. These directions were discarded prior to calculating the 

mean direction from the sampled section. For the remaining 30 site-mean directions, the 

between-site dispersion of normal polarity site-mean directions (Precision parameter 

kn=l0.3) is significantly larger than that for reversed polarity sites (kr=27.5). Thus the 

reversal test [McFadden and McElhinny, 1990] cannot be formally applied to this 

collection of site-mean directions. Nevertheless the mean of the normal polarity sites is 

indistinguishable from the antipode of the mean for the reverse polarity sites. A kink fold 

within the sampled section allowed a fold test of the site-mean ChRM directions from 

five of the six sites collected across this foki (Figure 3.3d). These site-mean directions 

(sites MT020, 21, 22, 24, 25; Table 2) yieki a positive fold test [McFadden, 1990] at the 

99% confidence level (precision parameter k and test statistic ^ of kg=2.4 and ^=4.6 in 

geographic coordinates versus ks=20.3 and ^=0.621 in stratigraphic coordinates; 99% 
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critical value at 4=3.6; minimum 4 value was obtained at 100% unfolding) indicating a 

prefolding origin for the characteristic magnetization. Taken together, the positive fold 

test, high-temperature ChRM stability, and precise determination of sample ChRM 

directions suggest a primary origin for the characteristic magnetization. 

The final set of 30 site-mean ChRM directions is used to compute a mean 

direction for the sampled Miocene sedimentary rocks of the Maza T^h. In normal-

polarity format and stratigraphic coordinates, the section-mean direction has 

inclination (I) = 29.4°; declination (D) = 24.7°; with 95% confidence limit (095) = 6.2°. 

This mean directk>n can be compared to the Miocene expected direction at the sampling 

location using methods described by Beck [Beck, 1980] and Demarest [Demarest, 1983]. 

Because of the age uncertainty and/or age interval of the sampled Miocene rocks, we 

compare the section-mean direction to the expected direction computed from both the 

10 Ma and 20 Ma reference paleomagnetic poles for Eurasia [Enkin et ai, 1992]. Using 

these reference poles, comparison of the section-mean direction to these expected 

directions indicates respectively 30.2° ± 5.2° and 30.8° ± 5.5° flattening of inclination 

and 17.5° ± 6.1° and 15.3° i 6.7° clockwise vertical-axis rotation (Table 3.1). 

Of the 226 core samples from the 30 sites with interpretable site-mean directions, 

169 samples from sandstones and mudstones were long enough to allow preparation of a 

second specimen for measurements of Anisotropy of Magnetk Susceptibili^ (AMS). 

These measurements were made using a Sapphire Instruments magnetic susceptibility 

bridge (model SI-2). The bulk susceptibility ranges from 9.41x10'̂  to 4.34x10"* SI with a 

mean of 2.51x10"^ SI. The mean directions of principal susceptibility axes were 



determined using bootstrap statistical methods [TVmre, 1998]. After rejecting results from 

14 specimens that yielded susceptibili^ axes more than two angular standard deviations 

from the preliminary mean directions, AMS results from ISS specimens were used to 

calculate the mean principal susceptibility axes directions shown in Figure 3.4a-d. The 

minimum axis eingenvalues (T3) plotted on the histogram (Figure 3.4e) are clearly 

distinct from the intermediate and maximum axis eigenvalues (xt and tz). This indicates 

an oblate AMS ellipsoid \Tauxe, 1998] which is confirmed by the value of the shape 

parameter T=0.7S [Jelinek, 1981]. Upon restoring the beds to horizontal, minimum axes 

cluster in a sub-vertical (1=83.1°, 0=325.3°) direction while intermediate and maximum 

axes are broadly distributed in the horizontal plane. Thus the AMS &bric is quite clearly 

related to deposition or compaction. Clustering of the minimum susceptibility axes near 

vertical following restoration of bedding to horizontal is especially dramatic for the 

samples collected in the kink fokl, indk:ating that the &bric was acquired prior to 

deformation. 

The magnitude of the susceptibility anisotropy for the Miocene sedimentary rocks 

of the Maza Tagh expressed by percent anisotropy {Constable and Tauxe, 1990] is 

3.298% while the total anisotropy is 0.099 [Owens, 1974]. The AMS foliation 

(P3=T2/t3=1.092 [Stacey et ai, I960]) is larger than folmtion observed from Early 

Cretaceous Kapushaliang red beds (P3=1.03S) of the northern Tarim Basin [Fan, 2001]. 

This is an important result because detafled rock-magnetic analyses by Tan [Tan, 2001] 

have shown that the inclinatwn of ChRM in the K^ushaliang red beds has undergone 
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Figure 3.4. AMS data, a: Lower hemisphere projection of directions of maximum 
(squares), intermediate (triangles), and minimum (circles) eigenvectors in geographic 
coordinates, b: Lower hemisphere projection of the mean eigenvectors with bootstrap 
95% confidence ellipses, c & d: same as a & b in stratigraphic coordinates, e: Histogram 
of eigenvalues associated to eigenvectors plotted in c (ti: maximum; ti: intermediate; X3: 
minimum). The bounds containing 95% of each eigenvalue are shown above the 
histogram. 
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20" to 30° inclination shallowing either due to particle shallowing during deposition or 

post-depositional compaction. The larger AMS foliation observed for the Miocene 

sedimentary rocks of the Maza Tagh strongly suggests that the ~30° flattening of ChRM 

inclination in these rocks is dominantly or entirely a rock-magnetic effect. 

Discussion and Conclusions 

The 15.3° ± 6.7° clockwise deflection of the Maza Tagh observed declination 

from the expected declination requires either a local structural or regional tectonic 

explanation. Two alternative explanations are immediately apparent; 

(1) the entire Tarim Basin, including the Maza Tagh range, experienced 15.3° ± 

6.7° clockwise rotation since the Miocene; or 

(2) local km-scale structural deformation affected the sampled section, deflecting 

the observed paleomagnetic declination from the expected declinatk)n. Although we 

strongly &vor a local deformation as the preferred interpretation, it is not a simple matter 

to dismiss a 15.3° ± 6.7° clockwise rotation of the entire Tarim Basin over the past ~20 

m.y. as an outn^eous hypothesis. 

Arguments for clockwise rotatmn of the entire Tarim Basin have been advanced 

based on evidence from structural geology [Avoiiac et ai, 1993], Quaternary fault slip 

rates {Peltzer and Saucier, 1996] [Avouac and Tapponnier, 1993], GPS observations 

\Abdrakhmatov et ai, 1996 ] [Bendick et ai, 2000], and seismic-moment tensor analyses 
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[Molmw and Ghose, 2000]. So the question is not whether the Tarim Basin has 

experienced clockwise rotation but rather, over what time interval that rotation has 

occurred and how large has been the total rotation? 

The Quaternary fault slip rate and GPS observations indicate clockwise rotation at 

short-term rates of O.S°/m.y. to perhaps I7m.y.. Extrapolation of these short-term rates 

over the past 15 to 20 m.y. could produce the 15.3° ± 6.7° clockwise rotation of the 

observed paleomagnetic direction from the Maza Tagh range. On the other hand, 

geologic evidence indicates a smaller clockwise rotation of 7°i:2.5° for the Tarim Basin 

since the onset of Tien Shan deformation in the Early Miocene {Yin et ai, 1998] {Sobel 

and Dumitru, 1997] [Avouac et aL, 1993]. 

Also rotation of the Tarim Basin implies rotation of the Altyn Tagh &ult which 

separates it from the Qaidam Basin on its southern margin. In turn, rotation of the Altyn 

Tagh Fault woukl require rotation of the Qaidam Basin. However, paleomagnetic 

observations from Miocene and Oligocene rocks from the interior of the Qaidam Basin 

limit rotation to < 5® over the past 30 m.y. [Dupont-Mivet et ai, 2002]. Thus while the 

highest estimated short-term rates of rotation for the Tarim Basin could permit 15.3° ± 

6.7° ck)ckwise rotation if extrapolated for 15 to 20 m.y., estimates of net rotation over the 

past 20 m.y. based on paleomagnetic and regbnal geologic constraints favor smaller 

rotatk)n. 

An argument for k)cal deformatkin of the sampled Maza T^h sectk>n accounting 

for the 15.3° ± 6.7° clockwise deflection of the observed paleomagnetic declination can 

be made by inspection of the geologic map of the sampling k>catk}n (Figure 3.2). In map 
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view, the thrust &uh that transported the sampled Mkicene section to the northeast 

deflects clockwise near its southeastern terminus where the paleomagnetic samples were 

collected. Although direct measures of displacement on this thrust &ult are not available, 

the bow shape of the &ult trace in map view can reasonably be accounted for by decrease 

in &ult ofi^t from the central part of the Maza Tagh toward the southeastern termination 

of the fault. As illustrated in Figure 3.2, the deflection of the eastern portion of this thrust 

&ult from the regional trend is ~20° in a clockwise direction. Thus the regional geobgic 

evidence is consistent with local km-scale clockwise vertical-axis rotation of the sampled 

Maza Tagh section as the cause of the 15.3° ± 6.7° clockwise deflection of the observed 

paleomagnetic declination. Although a combination of regional and local rotations is 

conceivable, based on the principle that local geok)gic explanations should be exhausted 

before paleomagnetic observations are interpreted to require more dramatic regional 

deformations, we &vor the interpretation that the 15.3° ± 6.7° clockwise deflection of the 

observed declination from the Miocene rocks of the Maza Tagh is due to a local 

deformation. 

Discordant shallow inclinations have been observed in many paleomagnetic 

studies of Cretaceous to Tertiary red sedimentary rocks in Asia [Chauvin et al., 1996] 

(Table 3.1). [nterpretatk>n of this inclination flattening is not straightforward [Gilder et 

aL, 2001] and tectonk:, geomagnetic, and rock-magnetic explanations have been 

advanced \Chauvm et al., 1996] [Westphal, 1993] [Gilder et aL, 2001] [Cogne et aL, 

1999]. Interpreting the -30° flattening of inclination from the Miocene rocks of the Maza 

Tagh as the result of northward tectonic displacement would impty -1600 km of 
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intracontinental shortening between the Tarim Basin and Kazakhstan/Siberia since the 

Miocene. This amount of cnistal shortening exceeds geological estimates by about a 

&ctor of 10 and the implfed rate of displacement for the Tarim Basin exceeds lithospheric 

plate speeds by more than a &ctor of 10. Cogne et al. [Cogne et ai, 1999] have 

suggested that tectonic displacements between Siberia and Europe with resulting 

inaccurate Eurasian reference paleomagnetic poles for central Asia may provide an 

explanation for the shallow paleomagnetic inclinations. However, motion between 

Siberia and Europe would have to have occurred during the Neogene to account for 

shallowed inclinations observed in the Tertiary rocks [Si and Van der Voo, In Press]. No 

such displacements are evident in the geologic record and it is unlikely that such a young 

deformation could be missed. 

Si and Van der Voo [Si and Van der Voo, In Press] and previous workers 

[Chauvin et ai., 1996] [Westphal, 1993] have argued that persistent non-dipole 

components of the geomagnetic field could explain the anomalous shallow inclinations 

observed across central Asia. Although based on scarce Asian paleomagnetic data with 

few results from igneous rocks, the non-dipole explanation does have the attraction of 

explaining the pattern of increasingly' shallow paleomagnetic inclinations from Europe to 

Eastern Asia [Chauvin et al., 1996] [5/ and Van der Voo, In Press]. However, there are 

difficulties with the non-dipole explanatk>n as welL Flattenii^ of paleomagnetic 

inclinations ranging from 20° to 30° have been observed from Early Cretaceous [Tan, 

2001] and Late Jurassic [Dupont-Nivet et ai., 2001] as well as in very young red 

sedimentary rocks (3.7 Ma Yushu formation in northern Tibet [Cogne et ai., 1999] and 
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Youshashan formation [Dupont-Nivet et ai, 2002] in the Qaidam basin). Thus if non-

dipole components of the geomagnetic field are to provide the explanation for the 

shallow paleomagnetic inclinations from central Asia, this non-dipolar behavior must be 

very long-lived. In addition, concordant paleomagnetic inclinations observed in 

Paleogene basalts from the nearby Tien Shan [Bazhenov and Mickolaichuck, 2002] 

indicate a dipolar configuration of the geomagnetic field during the Tertiary. 

The magnitude and orientation of AMS observed for the Miocene sedimentary 

rocks of the Maza Tagh indicates a strong magnetic foliation in these rocks. This AMS 

exceeds that observed for the Early Cretaceous Kapushaliang red sedimentary rocks of 

the northern Tarim Basin from which rock-magnetic data indicate 20° to 30° shallowing 

of paleomagnetic inclination by depositional or compaction processes [Tan, 2001]. Our 

preferred interpretation is that the -30° shallowing of paleomagnetic inclination observed 

for the Miocene strata of the Maza Tagh is dominantly or entirely a rock-magnetk; efifect 

of depositional or compaction processes. 

Our interpretations of the discordant paleomagnetic direction from the Miocene 

red sedimentary rocks of the Maza Tagh are unsatisfying in the sense that we sought 

paleomagnetk: data with clear implksitfons for large-scale tectonks of the [ndo-Asian 

collision. Instead we conclude that local deformation of the sampled section and 

depositional or compaction shaUowing are most likely responsible for the discordant 

direction. We present our results and interpretations with the intent that others will be 

inspired to undertake additional studies in other areas of the Tarim Basin that will reveal 
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the Tertiary vertical-axis rotational history of the basin and resolve the origin of shallow 

paleomagnetic inclinations observed in central Asia. 
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Table 3.1. Paleomagnetic results from the Tarim basin region 
Locality Age Locatoon Observed direction Reference Pole Rotation Flattening 

Lat Lon. IM CXN AGE n Lat Lon. Aos Age R ± AR F ± AF 
(°n) ce) (°) n n (°n) (°e) (°) (ma) (°) (°) n n 

Maza Tagh [1] N, 38.5 80.5 29.4 24.7 6.2 30 84.1 149.1 2.2 10 16.8 ± 6.2 29.5 ± 5.2 
MazaTagh [1] Ni 38.5 80.5 29.4 24.7 6.2 30 82.3 147.6 3.3 20 14.6 ± 6.7 30.1 ± 5.5 
Jianglisai [2]* N, 38.0 86.5 39.6 358.4 6.7 28 82.3 147.6 3.3 20 -10.6 ± 7.8 20.8 ± 5.8 
Aertashi [2]* E3 38.1 76.4 36.9 17.6 5.0 56 81.0 132.8 2.7 30 7.4 ± 5.8 24.6 ± 4.4 
Aertashi (3] E 37.0 79.0 30.0 27.8 13.3 5 80.2 145.4 3.6 40 16.0 ± 12.9 29.5 ± 10.9 
Puska[2r E2 37.1 78.4 24.3 4.3 8.4 22 77.9 149.0 4.3 50 -10.7 ± 8.6 35.1 ± 7.4 
Wuqia [4]* Ka 39.5 75.0 40.0 11.0 7.4 11 75.7 201.6 3.3 80 -2.3 ± 8.3 9.3 ± 6.6 
Yingjisha [4] Ka 38.5 76.4 37.1 7.6 9.9 6 75.7 201.6 3.3 80 -5.8 ± 10.4 11.4 ± 8.5 
Kuche[5f Kz 41.6 83.5 39.2 16.3 8.6 4 75.7 201.6 3.3 80 1.1 ± 9.5 14.6 ± 7.4 
Wuqia [4]* K, 39.5 75.0 33.0 11.6 14.0 4 76.3 212.6 5.2 120 1.1 ± 14.2 14.8 ± 12.2 
Yingjisha [4] K, 38.5 76.4 41.0 14.8 8.9 3 76.3 212.6 5.2 120 4.1 ± 10.6 5.9 ± 8.7 
Paicheng (5]** Ki 41.8 82.0 42.0 22.0 9.0 6 76.3 212.6 5.2 120 9.8 ± 10.9 9.8 ± 8.5 
Locality - name of the paleomagnetic sampling locality writh references; [I ] - this study; [2] - [Rumelhart 
et al., 1999]; [3] - [GUder et al., 19%]; [4] - [Chen et al., 1992]; [5] - {Li et aL, 1988]; Age - geological 
age of sampled rocks (K| and Kj - Lower and Upper Cretaceous; E|, Ej and Ej - Lower. Middle and 
Upper Paleogene; E - Undiflferentiated Paleogene; N| - Miocene); Location Lat. and Lon. - Latitude and 
longitude of sampling locality; Observed direction In Dn, 095 and n - mean inclination, mean declination, 
radius of the 95% confidence limit and number of sites; Refvence pole Lat., Lon. A^s and Age - Latitude, 
longitude, radius of 95% confidence limit and age of the pole us^ to calculate the expected directions 
[Enkin el al., 1992]. Rotation (R) - vertical-axis rotation determined by observed dralination minus 
expected declination (positive indicates clockwise rotation); AR - 95% confidence limit on rotation; 
Flattening (F) - flattening of inclination indicated by expected inclination minus observed inclination; AF 
- 95% confidence limit on flattening. * - results corrected in {Yin, 2000]; * - age of sampled section 
suggested to be Tertiary by Gilder etal. {Gilder el al., 2001];" - location of these localities corrected from 
original publication;" - May suffer from incomplete structural correction {Chen et al.. 1991], 
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Table 3^. Site-mean characteristic remanent magnetization directions of the Vfaza 
Tagh locality 

Geographic Stratigranhic 
Site P Height Fm. I D I D 

(m) n (°) n n 
OgS 
n 

n/n Dip Dipaz. 
n n 

R 
R 
R 
R 
R 
R 
R 
N 

MT029 
MT028 
MT027 
MT026 
MT0I6 
MT0I4 
MT0I3 
MTOII 
vrroio N 
MT009 N 
MT008 N 
MT007 N 
MT005 N 
VIT057* R 
MT055* R 
MT053 R 
MT05I 
MT050 
MT049 
MT025 
MT024 
MT023* 
MT022 
MT021 
MT020 
MT043 
MT042 
MT041 
MT040 
MT039 
MT038« R 
MT037 R 
MT036 R 
MT035 R 
Mean 

240 Nlwq2 -9.9 208.2 -34.6 203.0 14.7 8/8 
230 Nlwq2 OJ 206.6 -24.2 203.9 4.6 8/8 
220 Nlwq2 15.0 201.9 -8.9 202.7 13.3 5/5 
210 Nlwq2-11.9 206.5 -36.1 200.4 6.9 7/8 
198 Nlwq2 7.5 187.1 -11.9 186.3 11.9 8/8 

196.5 Nlwq2 4.1 206.7 -20.6 204.9 52 8/8 
196 Nlwq2-I2.1 212.1 -37.6 207.2 6.5 8/8 
197 Nlwq2 22.6 37.0 48.8 30.7 8.8 8/8 

196.5 Nlwq2 11.4 32.1 36.9 27J 8.5 8/8 
196 Nlwq2 27.1 lOJ 45.2 354.2 12.4 7/8 

195.5 Nlwq2 332 8.8 50.0 348.7 9.2 8/8 
193.5 Nlwq2 17.8 354.7 30.4 343.4 10.2 8/8 
192 Nlwql -18.6 38.4 8.7 41.7 13.7 8/8 

Nlwql -27.7 2852 -42.8 310.6 8.9 6/6 
Nlwql -21.6 299.8 -29.5 318.0 12.6 7/8 
Nlwql 26.1 212.7 -9.3 214.3 5.1 7/8 
Nlwql -1.7 217.7 -37.9 2142 15.8 7/8 
Nlwql 12.5 207.1 -21.7 205.8 5.8 6/6 
Nlwql 19.6 216.3 -16.4 216.6 62 6/8 

80 Nlwql -7.0 2292 -30.8 226.3 10.7 8/8 
Nlwql 10.1 233.8 -35.7 234.9 8.3 8/8 
Nlwql -0.1 264.7 -24.1 269.1 10.9 6/8 
Nlwql -33.5 135.7 -31.1 189.3 12.9 8/8 
Nlwql -34.8 138.4 -28.5 191.4 15.0 8/8 

70 Nlwql -51.0 125.0 -34.7 219.1 18.6 8/8 
Nlwql 20.1 205.0 -14.8 2062 5.7 8/8 
Nlwql 2.3 216.7 -34.6 213.3 MS 8/8 
Nlwql 11.9 231.4 -26.6 231J 13.7 8/8 
Nlwql 28.7 209.0 -7J 211.8 9.9 7/7 

30 Nlwql 4.9 214J -252 212.4 92 8/8 
Nlwql -6.3 288.3 -22.9 295.6 5.0 8/8 
Nlwql -5.0 192.9 -28J 1862 9.7 8/8 

R Nlwql -62 209J -35.0 203.9 I I.I 8/8 
R 0 Nlwql -14.7 1992 -39.9 188.7 12.7 6/8 
Geographic 4.1 23.7 10.4 30/34 
Stratigraphic 29.4 24.7 62 30/34 

R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 

13.3 27.5 232.3 
126.6 27.5 232J 
27.4 27.5 232J 
79.0 27.5 232.3 
19.8 27.5 232.3 
102.0 27.5 232J 
74.0 27.5 232.3 
35.8 27.5 232J 
37.8 27.5 232J 
212 27.5 232.3 
32.3 27.5 232.3 
26.7 27.5 232.3 
15.1 27.5 232.3 
47.9 37.3 230.5 
24.5 37.3 230.5 
146.5 37.3 230.5 
13.3 37J 230.5 
111.1 37.3 230.5 
123.7 37.3 230.5 
24J 24.0 233.0 
40J 46.0 229.0 
32.3 31.0 227.0 
17.0 71.0 71.0 
12.8 72.0 71.0 
8.6 77.0 75.0 
83.9 38.5 2322 
212 38.5 2322 
15.1 38.5 2322 
32.5 38.5 2322 
32.5 31.8 232.6 
107.7 31.8 232.6 
33.7 31.8 232.6 
26.4 31.8 232.6 
23.9 31.8 232.6 
73 
19.7 

Notes: P is the polarity indicated by N for normal and R for reverse; Height is the stratigraphic height in the 
sampled section; Fm. is the name of the sampled formation; I and D are inclination and declination of site-
mean directions in geographic and stratigraphic coordinates; 095 is the radius of the 95% confidence limit 
on the site-mean direction; n/N: n is the number of ChRM directions used to calculate the site-mean and N 
the number of demagnetized samples; k is the concentration factor; Dip and Dip az. are the mean dip and 
dip azimuth of bedding in di^rent parts of the section. Last line indicates mean direction for the section 
calculated from all sites except outliers marked with an asterisk. 
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CHAPTER 4: CONCENTRATION OF CRUSTAL DISPLACEMENT ALONG A 

WEAK ALTYN TAGH FAULT: EVIDENCE FROM 

PALEOMAGNETISM OF THE NORTHERN TIBETAN PLATEAU 

Abstract 

Like many regional structures in the northern Tibetan Plateau, the Tula syncline 

changes strike by ~40° from NW-SE to nearly E-W as it approaches the Altyn Tagh fault 

from the south. To test whether this strike curvature is due to oroclinal bending, we 

analyzed paleomagnetic samples from 109 sites collected from Late Jurassic to Paleogene 

red sedimentary strata of the Tula syncline. Fold and reversal tests suggest a primary 

origin for the characteristic remanent magnetization from nine sites in the eastern half 

and 41 sites in the western half of the syncline. The observed 13.3°±8.8° declination 

difference between the two halves of the Tula syncline is far less than the ~40° difference 

predicted for oroclinal bending. Instead the arc shape of the syncline is an original 

configuration produced by transport above an arcuate thrust ramp. Along with 

paleomagnetic data from the northern Qaidam Basin, these results from the Tula syncline 

indKate that crustal displacement between the Tarim Basin and the northern Tibetan 

Plateau is accommodated by strike-slip motion on the Altyn Tagh fault rather than 

distributed shear within the northern Tibetan Plateau. 
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Introduction 

The Altyn T^h fault (ATF), the most prominent strike-slip &ult in Asia (Figure 

4.1), plays a key role in accommodating Indo-Asian continental collision [Molnar and 

Tapponnier, 1975]. One view is that deformation of the Tibetan Plateau is concentrated 

on major faults bounding quasi-rigid blocks [Tapponnier et ai., 1982]. In this model, lefl-

slip on the ATF transfers a significant portion of the convergence between India and Asia 

into northeastward extrusion of the Tibetan Plateau. An alternative view is that 

continental lithosphere behaves as a viscous fluid with deformation more broadly 

distributed [England and McKenzie, 1982; Houseman and England, 1996]. An important 

aspect of the ATF is the conversion of strike-slip motion on the south side of the &ult 

into thrust faulting and crustal thickening at its eastern terminus [Km and Nie, 1996]. This 

process is believed to result in eastward growth of the northern boundary of the Tibetan 

Plateau [Meyer et al., 1998]. 

Many thrust &ults of the northern Tibetan Plateau (e.g. Qimen Tagh thrust. Figure 

4.1) curve fi*om WNW-ESE strike far south of the ATF to nearly E-W orientation close to 

the &ult. An obvious question is whether the present curvature of these thrust faults is an 

original geometry or instead resulted from oroclinal bending of thrust faults that were 

originally straight (Figure 4.2; [Yin and Harrison, 2000]. The answer to this question has 

tectonic significance because of the onplied concentrated or distributed nature of crustal 

displacement between the Tarim Basin and the northern Tibetan Plateau. 

If this displacement is concentrated along the ATF, then piercing point ofi^ts 
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uanmi 

Kiinlun tai* 

Figure 4.1. Map of eastern Altyn Tagh fiiult and adjacent regions with terranes, basins, 
and major faults after Yin and Harrison (2000) {Yin and Harrison, 2000]. Inset at lower 
right shows regional location. Most prominent arcuate structures are illustrated. Box 
labeled "Study area" is illustrated in Figure 3. Large arrow is observed paleomagnetic 
declination from this study con:^)ared to expected declination shown by white line. 
Smaller arrows are paleomagnetic declinations observed from Qaidam Basin compared 
with expected declinations shown by white lines [Dupont-Nivet et ai, 2002]. 
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provide a measure of the total displacement between the Tarim Basin and the Tibetan 

Plateau. If deformation is distributed south of the ATF into the northern Tibetan Plateau, 

then ofi^t along the ATF is less than the total Tarim Basin - Tibetan Plateau 

displacement; the additional amount of distributed deformation within the northern 

Plateau would have to be determined to infer the total displacement between the Tarim 

Basin and the Tibetan Plateau. We used paleomagnetic declinations observed along an 

arcuate structure south of Tula to test whether its curvature resulted from oroclinal 

bending in a drag-fold fashion or instead originally developed as a curved structure 

(Figure 4.2,4.3). 

Geologic Setting 

Geologic mapping of the Tula arcuate syncline and surrounding areas indicates 

that the controlling structures are northeast-vergent thrust faults (Figure 4.3; {Robinson et 

ai, 2002]. The structurally higher thrust &ult is a basement-cored uplift with continental 

Late Jurassic to Early Tertiary red sedimentary strata in the footwall. The structurally 

lower &ult to the east thrusts these red beds onto Quaternary gravels (Figure 3). These 

red sedimentary rocks constituting the main target of paleomagnetic sampling are 

deformed into a broad footwall syncline (henceforth referred to as the Tula syncline) that 

changes strike by —40° from WNW-ESE to nearly E-W as it approaches the ATF from 

the south. Three main units are described in the red sedimentary strata. The lower unit is 
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Figure 4.2. A counterclockwise deflection of paleomagnetic declinations (arrows) is 
expected for the oroclinal>bending hypothesis. 
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thick green conglomerate beds with intercalated red siltstones grading into variegated 

fine sandstone to mudstone. A Late Jurassic age is assigned to this unit [Guo et al., 1998]. 

The middle unit is mainly fine sandstone with intercalated conglomerate. A Cretaceous 

age is indicated by stratigraphic correlation [XBGRM, 1993], while trydactil vertebrate 

tracks found in this unit were used to assign a Paleogene age [Lockley et al., 1999]. 

Robinson et al. [Robinson et al., 2002] have confirmed the Cretaceous ^e by U/Pb 

dating of an intruding pluton ykkiing a minimum age of 69 Ma. The lentkular 

conglomerate strata forming the highest unit are assigned a Paleogene age based on fossil 

assemblages [XBGRM, 1993]. 

Paleomagnetic Sampling and Analysb 

Sampling was done during two field seasons. An initial "distributed" sampling of 

64 sites (>8 samples per site with 1 sample per stratigraphic level) was designed to obtain 

samples fi'om the entire area and from a variety of lithologies within the exposed 

formations. Results from this sampling indicated which rock types provided the most 

reliable paleomagnetic directions and where tectonic rotations were most likely to have 

occurred. Durii^ the second "intensive" sampling, 45 sites (>8 samples per site = 

stratigraphic level) were coltected from the western portion of the structure in four 

sections in the Yaousere Valley (28 sites labeled YA) and two sections in the Kezele 

Valley (17 sites labeled KZ). Bedding attitudes were measured at each sampling site and 
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Figure 4.3. Simplified geologic map of the Tula sync line area showing locations of the 
sampling sites and sections. Site number is indicated only for sites yielding interpretable 
resuhs. 
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were also constrained by the geologic mapping. Plunge of the synclinal axis was less than 

6° at all sites except J026 at the eastern end of the syncline with plunge of 21°. Only for 

this latter site was a plunge correction applied. 

All samples were stored, thermally demagnetized and measured in a magnetically 

shielded room with average field intensity below 200 nT. Measurements of natural 

remanent magnetization (NRM) were done using a three-axis cryogenic magnetometer 

(2G model 7SSR). FoUowii^ initial NRM measurements, samples were thermally 

demagnetized in 10 to 20 steps fi'om SO to 700 °C with increments as small as 5 °C. 

When vector end points showed a trend toward the origin of orthogonal projection 

dis^rams, principal component analysis of NRM at > four successive temperature steps 

was used to determine the characteristic remanent magnetization (ChRM) [Kirschvink, 

1980]. ChRM directions with maximum angular deviation (MAD) greater than 15° were 

rejected fi^m fiirther analysis (Figure 4.4). Following determination of ChRM directions 

fi'om > four samples fi-om a site, site-mean ChRM directions were calculated using 

statistical methods of Fisher [Fisher, 1953]; sample ChRM directions more than two 

angular standard deviations from the preliminary site-mean direction were rejected prior 

to calculation of the final site-mean direction. Site-mean ChRM directions with 95% 

confidence interval (095) greater than 25° were rejected for fiirther analysis. Using the 

same methods, mean paleomagnetic directions were calculated for separate sampled 

sections and for different parts of the Tula syncline. 

During the Late Jurassic to Earfy^ Tertiary age interval of the sampled formations, 

the Apparent Polar Wander Path (APWP) for Asia makes a "hairpin loop" [Enkin et ai. 
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1991]. This permits direct comparison of paleomagnetic directions from rocks of 

different ages to determine relative vertical-axis tectonic rotations. Also vertical-axis 

rotations with respect to "stable" Asia can be accomplished by comparing observed 

paleomagnetic directions with expected directions computed from the averaged 

paleomagnetic pole position (Lat; 79.8°N; Long: 190.2°E; Ags: 2.3°; [Besse and 

Courtillot, 2002]. Confidence limits on vertical-axis rotations were determined using the 

procedures of [Demarest, 1983]. An additk)nal benefit of the hairpin in the APWP is that 

uncertainties in age of the sampled rocks have little effect on the inferred vertical-axis 

rotations. 

Distributed Sampling 

Out of the 64 sites in the initial distributed sampling, results fix)m pilot samples 

from ten sites in various sedimentary, plutonic, and volcanic rocks could not be 

interpreted due to poor structural control and/or very low NRM intensity. Samples from 

the remaining 54 sites in red sedimentary strata were thermally demagnetized. Site-mean 

ChRM directions could not be determined for 27 sites due to failure of the criteria 

outlined above. Samples from these sites generally had low NRM intensity (<SxlO^ 

A/m), unblocking temperatures bek>w 500 °C, and erratic demagnetizatkin behaviors. At 

these rejected sites, visible calcite was noted in outcrop as well as during microscopic 

examination of thin sections. Many of these sites were collected from deformed rocks 

near major &uhs and from coarse-grained and light-colored sandstones. We attribute 

these propertks to chemKal alteration by fluid circulation. Thermal demagnet^tran of 
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samples from the remainii^ 27 sites revealed a ChRM component isolated at high 

unblocking temperatures (typically 640 to 675 °C) suggesting that hematite is the NRM 

carrier. The avenge MAD for the ChRM component determined by principal component 

analysis was 6.9° and examples of dem£^netization behaviors are illustrated in Figure 

4.4. Site-mean ChRM directk>ns are listed in Table 1 and two sites with o^s greater than 

25° were rejected from further analysis. 

Intensive Sampling 

Although coarse-grained and visibly deformed sandstones were avoided, samples 

from 17 out of the 45 sites from the intensive sampling showed erratic behavior and low 

NRM intensity. These sites were collected in fine-grained layers that often displayed 

calcite-cemented joints probably resulting from fracturing and fluid circulation 

concentrated in these beds. For the remaining sites, thermal demagnetization of higher 

intensity NRM (typically above 5x10'̂  A/m) yielded ChRM components with unblocking 

temperatures commonly in the 640 to 675 °C range suggesting the NRM is carried by 

hematite. An average of 7.3° was observed for the MAD calculated during principal 

component analysis. Two sites yieldmg onfy three sample ChRM directions (other 

samples destroyed durii^ sample preparation) were rejected. Site-mean directions for 11 

sites from the Kezele Valley and 15 sites from the Yaousere Valley are Usted in Table 

4.1; one site-mean direction with 095 greater than 25° was rejected from frirther analysis. 



66 

A. Rejected B. Acceptable C. Good 
Up.N 

660 
Up.W 

W. 

J002H 

10-* A/m 

Up.W 
J043C 

qc 
Down, S 

569 

Down, E 

10-2a/m 

Down, E 

9 Horizontal plane 
Q Vertical plane 

Figure 4.4. Vector-component diagrams of thermal demagnetization behavior. A. Sample 
J002H from which no ChRM direction could be determined. B and C. Samples J052B 
and J043C yielding interpretable ChRM dvectrans. Open circles are projections onto 
vertk:ai plane and filled cnrcles are projections onto horizontal plane. Numbers adjacent 
to data points indicate temperature in °C. 
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Field Tests of Paieomagnetic Stability 

To test for oroclinal bending of the TuUi syncline, we must compare 

paieomagnetic directions between the two halves of the structure with different trends. 

The western half of the syncline trends N8S°E, while the eastern half trends SSS°E 

(Figure 4.3). Following this change in trend, we divide the paieomagnetic sites into 

"western sites" (41 sites) and "eastern sites" (9 sites) as indk:ated in Table 4.1. Field tests 

of paieomagnetic stability are applied separately to data from the western sites and data 

from the eastern sites prior to comparing mean paieomagnetic directions between the 

western and eastern halves of the syncline. 

For both the western and eastern areas, site-mean paieomagnetic directions cluster 

in antipodal normal and reverse polarity directions (Figure 4.5). The eastern sites pass the 

fold test of [McFadden, 1990] at 99% confidence (in situ statistics: § = 5.667 and 

k= 19.1; tilt-corrected statistics: ^=0.027 and k = 39.1; ^ = 4.849 is 99% confidence 

limit for N = 9). However the reversal test of [McFadden ami McElhinny, 1990] is 

indeterminate, probably because there are only two reverse polarity sites. Nevertheless, 

after tilt correction, the antqiode of the mran reverse polarity direction is 

indistinguishable from the mean normal polarity direction. 

The western sites pass the reversal test [McFadden and McElhini^, 1990] with C 

classification (angle between normal polarity mean and antipode of reverse polarity 

mean = 2.1°; critical angle = 11.8°). The western sites collected durii^ the second field 

season were from five homoclinal stratigraphic sections, each with a single average tih 
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Figure 4.5. Equal-area projections showing paieomagnetic directions. Bottom diagrams 
compare in situ and tilt-corrected site-mean ChRM directions for western and eastern 
halves of the Tula syiKline. Black squares indicate directions in lower hemisphere; white 
triangles indicate directions in upper hemisphere. In tflt-corrected coordinates, larger gray 
symbols with 9S% confidence ellipse are mean of normal polarity directions compared to 
the mean of reverse polarity directions. Mean declination (D) and inclination (I) with 
con&lence Imiit (095) and number of sites (n) are listed for each case. Upper diagram 
compares tih-corrected mean directions from eastern and western halves of the Tula 
syncline. R±AR and F±AF are rotation and flattening with 95% confidence interval 
derived from observed mean directions minus expected direction calculated from the 
composite pole for Eurasia [Besse and Courtilloty 2002]. 
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correction. We applied the fold test to the five section-mean directions (given in Table 

4.1) and the 16 site-mean directions from the distributed sampling that have independent 

tih correctk>ns. LTsmg the procedure of[McFadden, 1990], the western sites pass the fold 

test at 99% confidence (in situ statistics: % = 8.97 and k = 6.62; tilt-corrected statistics: 

4 = 0.739 and k = 20.54; 4 = 7.483 is 99% conftlence limit for N = 21). 

Discussion and Conclusions 

When comparing the paleom^netic directions between the two halves of the Tula 

syncline, the immediately apparent result is that the observed difference in declinations 

(13.3''±8.8'') is for less than the -40° declination difference predkted for oroclinal 

bending (Figures 4.2 and 4.S). The main conclusion of this study is that the -40° bend of 

the Tula syncline is not due to oroclinal bending by distributed deformation of the 

northern Tibetan Plateau. Instead the arcuate shape of the Tula syncline is largely or 

entirely the original configuration of this structure. Furthermore, comparison of the 

observed mean paleomagnetic declinations from the Tula syncline with the expected 

declination computed from the Eurasian reference pole indicates the eastern half is 

rotated clockwise 9.3°±9.6° and the western portion is rotated counterclockwise 

3.7°i:5.5° (Figure 4.5). Neither rotation with respect to the expected declination is 

significant at 95% confidence, although the clockwise deflection for the eastern half is 

nearfy so. Althoi^ our first-order conclusion is that the large (-40°) beiKl of the Tula 

syncline in map view is not the result of oroclinal bending, the small (13.3°±8.8°) 

difference in paleomagnetic declinations between the two halves of this structure may 
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still be tectonically significant. We speculate that the small clockwise deflection of the 

eastern half of the Tula syncline is due to transport above an arcuate thrust ramp (Figure 

4.6A). The three-dimensional form of this arcuate thrust ramp is approximately that of a 

right-stepping oblique ramp with 40° angle between the strike of the oblique ramp and 

the transport direction (Figure 4.6B). Analytical and experimental models of deformation 

within thrust sheets above oblique thrust ramps have been examined by [Apotria et ai, 

1992] and [fVilkerson et ai, 1992], respectively. Although modeled deflections of thrust 

sheets above oblique ramps depend on ramp cutofif angle and details of the analytical 

method, predicted deflections are uniformly clockwise and range fi'om -6° to -26° 

bracketing the observed 13.3°±8.8° clockwise deflection of the eastern half of the Tula 

syncline relative to the western half of the structure (Figure 4.6B). 

Further to the east along the ATF, similar non-rotated paleomagnetic declinations 

have been observed in Oligocene sediments located only 30 km south of the ATF in the 

northern Qaidam Basin (Figure 4.1; [Dupont-Nivet et ai, 2002]). Thus, along the entire 

length of the ATF, the crustal displacements are concentrated on the &ult itself with little 

or no distributed sinistral shear into the northern Tibetan Plateau and the Qaidam Basin. 

The major implication of this result is that the ATF is weak relative to the strength 

of surrounding blocks; a key requirement for extrusion tectonics with rigid crustal blocks 

and strain concentrated on major &ults \Avouac and Tappomier, 1993; Peltzer and 

Saucier, 1996; Tapponnier et ai, 1982]. A corollary of that implication is that strike-slip 

ofi^t of geok>gic piercing points across the ATF account for most or all of the 
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Figure 4.6. A: Block diagram showing arcuate structures of different scales branching 
from the left-lateral Altyn Tagh fault (ATP). CTxy, the sinistral shear stress imposed by the 
ATF surface at x = 0, decreases to 0 at x = -1 (or -L). a^y, the shear stress imposed by the 
decoUement surface at z = d (or D), decreases to 0 at z = 0. B: Map view showing 
predicted marker line deflection as thrust sheet passes over an oblique thrust ramp 
[Apotria et al., 1992; Wilkerson et ai, 1992]. 
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displacement between the Tarim Basin and the northern Tibetan Plateau such that 

contrasting interpretations of Quaternary slip rate along the ATF are probably not the 

result of strike-slip strain distributed outside the areas examined in those studies [Bendick 

et ai, 2000; Burchfiel et aL, 1989; Meriaux, 2000; Meyer et al., 1998; Molnar et ai, 

1987; Peltzer et ai, 1989]. 

A remaining question is the mechanism by which arc-shaped thrust faults south of 

the ATF are formed. Although the state of stress to create these arcuate structures is not 

well understood, it seems clear that they result from a transition from mainly horizontal 

shear stress (ayz) away from the ATF (expressed by thrusting), to mainly vertical shear 

stress (axy) when approaching the ATF (expressed by strike-slip motion) (Figure 4.6A). 

Simple derivatk)n of the stress equilibrium equation (see note bek>w) suggests that the 

width of the arc-shaped thrust feults (L and 1 in Figure 4.6A) is related to the depth of 

thrust d^oUement (D and d in Figure 4.6A) such that we interpret the tighter curve of the 

Tula syncline to indicate a shallower d^ollement within the crust while the broader arc 

of the Qimen Tagh thrust system possibly reflects lithospheric scale deformation 

aUowing subduction of Qaklam under Tibet [Chen and Ozalaybey, 1998; Meyer et ai, 

1998; Tapponnier et ai, 1990; Yin and Harrison, 2000]. 



73 

Note 

We consider the stress equilibrium equation 

5ajj /5i + pbj= 0, 

where (Ty are the stress components, bj are body forces per unit volume and p is the 

density. 

In the coordinate system of Figure 4.6A (xi=x, X2=y, X3=z), we considerii^ a feult of 

infinite length in the y direction, derivatives in y are nil and the y term of the equation 

simplifies to: 

5CTxy /5x + drSj^ldz = 0 

Let L be the width of the arcuate structure and D the depth to the d^oUement. We 

assume that a^y = 0 for x < -L (away fi^om the &ult) and increases linearly to Oxy = CT°xy at 

X = 0 (at the strike-slip fault surfiice) Similarly, we assume linear increase of azy from 

= 0 at z = 0 (at the sur&ce) to Ozy = a°zy at z = D (at the depth to the decoUement). The 

above expression can then be simplified to: 

/L + o°zy /D = 0 

that is. 
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<y\ /CT°zy = L/D 

a°xy is proportional to the sur&ce of the strike-slip fault that is proportional to D. 

Similarly o^zy is proportional to the load above the decoUement that is also proportional 

to D. Thus the above relationship implies that L is proportk)nal to D (i. e. the width of the 

arcuate structure reflects the depth to the d^oUement). 
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TABLE 4.1; SITE-MEAN DIRECTIONS 

Sites Fm. Lat Long. In-situ Tilt-cofrected ags ^ I^P Dipaz. 

(°N) (°E) 
/ 

c) 
o 
n 

/ 

c) 
D 

n c) n n 

J026 J 
J029 K 
J031 K 
J046 J 
J047 J 
J051 J 
J052 J 
J053 J 
J054 K 

Mean East 
Mean East 

J018 J 
J024 K 
J036 J 
J037 K 
J038* K 
J039 K 
J040 K 
J041 K 
J042 K 
J043 K 
J045 K 
J049 P 
J050* K 
J057 J 
J058 J 
J059 J 
J063 K 
J064 J 

YA1-01 K 
YA1-02 K 
YA1-03 K 
YA1-04 K 
YA1-05 K 
YA1-06 K 
YA1-07 K 
YA1-08 K 
YA2-09 K 
yA2-^V K 
YA3-13 K 

37.45 
37.45 
37.47 
37.57 
37.57 
37.52 
37.50 
37.50 
37.45 
37.50 
37.50 

37.62 
37.57 
37.60 
37.58 
37.55 
37.57 
37.58 
37.58 
37.52 
37.53 
37.52 
37.55 
37.55 
37.60 
37.60 
37.60 
37.50 
37.58 
37.57 
37.57 
37.57 
37.57 
37.57 
37.57 
37.57 
37.57 
37.58 
37.58 
37.55 

87.35 
87.23 
87.23 
87.27 
87.25 
87.25 
87.25 
87.25 
87.23 
87.26 
87.26 

86.60 
86.65 
86.85 
86.87 
86.95 
86.94 
86.94 
86.97 
87.03 
87.03 
87.00 
86.89 
86.87 
86.97 
86.78 
86.80 
86.99 
86.67 
86.87 
86.87 
86.87 
86.87 
86.87 
86.87 
86.87 
86.87 
86.85 
86.85 
86.56 

Eastam sitas 
-28.0 191.4 -8.0 199.3 
30.6 20.5 40.4 
13.9 25.0 42.4 
14.3 19.7 46.9 
0.5 30.2 26.9 
3.2 26.8 37.1 
22.0 32.4 42.5 
34.4 14.4 37.9 
20.2 209.4 -21.6 
14.3 

5.4 
21.5 
31.0 
31.9 
26.3 
19.7 
5.5 

209.3 

6.7 
38.6 
1.5 

-23.1 
-39.7 
4.8 
23.4 
-4.7 
-36.7 
4.9 

-61.4 
23.9 
9.8 

-12.1 
-0.5 
14.2 
-60.7 
-4.9 
-27.7 
-29.6 
-36.7 
0.9 

-44.0 
-7.2 
-15.8 
-4.3 
30.8 
10.9 
-3.3 

20.5 
25.0 
19.7 
30.2 
26.8 
32.4 
14.4 
209.4 
23.6 

34.2 21.3 
Waatam aitaa 

198.9 -42.8 205.1 
35.9 51.2 
158.7 -25.4 
9.6 24.4 

188.3 -25.9 
-25.1 
-18.5 
34.6 

186.9 
161.1 
352.5 
212.2 -20.9 
24.2 19.6 
262.8 
16.0 
164.9 
355.3 
176.9 
202.9 
190.6 
172.1 
30.2 
28.2 
7.4 
1.5 

346.9 
355.5 
340.0 
19.0 
172.3 
187.1 
203.4 

-36.2 
41.4 
11.9 
36.5 
-27.5 
-26.8 
-20.8 
-33.0 
13-1 
12.1 
10.3 
48.3 
3.3 

40.5 
30.1 
38.9 
-9.8 
-30.7 
-21.6 

20.7 
159.2 
9.7 

192.5 
186.9 
161.9 
348.4 
204.5 
23.1 
205.6 
21.8 
164.0 
353.8 
173.5 
203.2 
190.3 
170.3 
26.7 
24.3 
5.2 
4.4 

349.3 
355.4 
338.2 
26.1 
174.2 
187.1 
206.3 

19.3 
14.3 
24.1 
13.1 
19.4 
13.3 
10.6 
13.9 
18.5 
12.1 
9.6 

16.6 
21.1 
11.2 
19.7 
27.4 
18.6 
21.2 
23.2 
20.8 
15.1 
21.0 
21.1 
24.8 
15.7 
17.4 
20.0 
13.6 
24.5 
6.0 
9.7 
8.2 
19.8 
12.6 
23.2 
20.1 
11.3 
10.7 
38.3 
15.0 

8.0 
23.8 
6.2 
14.6 
9.1 
18.5 
28.7 
17.0 
10.0 
19.1 
29.7 

12.2 
7.8 
25.9 
7.8 
5.0 
14.3 
11.2 
9.5 
8.1 
12.6 
9.3 
7.8 
6.9 
16.0 
9.7 
8.6 
34.9 
8.5 

103.5 
33.9 
46.2 
10.2 
24.0 
11.9 
12.1 
29.7 
39.8 
6.7 
38.7 

8/8 
m 
in 
9/9 
7/7 
7/8 
7/8 
7/7 
7/7 
9/9 
9/9 

7/7 
6/6 
7/7 
8/8 
7/7 
5/5 
5/6 
5/7 
7/7 
8/8 
6/6 
7/7 
6/6 
6/6 
8/8 
7/7 
4/5 
5/6 
7/7 
8/8 
8/8 
7/7 
7/7 
5/5 
6/6 
7/7 
6/6 
4/4 
4/4 

24.8 
22.9 
29.2 
37.1 
27.2 
33.9 
28.2 
12.6 
42.3 

226.1 
258.1 
215.9 
175.6 
196.5 
208.9 
250.3 
263.9 
219.0 

52.2 
31.5 
27.0 
48.8 
15.7 
29.9 
45.2 
41.8 
20.9 
15.5 
49.6 
19.6 
22.6 
49.0 
30.0 
41.1 
39.9 
28.5 
47.7 
47.7 
47.7 
47.7 
47.7 
47.7 
47.7 
47.7 
41.6 
41.6 
2Z3 

182.1 
99.9 
153.8 
175.6 
216.2 
187.0 
184.7 
191.2 
346.9 
222.7 
349.3 
171.5 
176.3 
182-1 
201.8 
199.2 
9.9 

181.6 
175.7 
175.7 
175.7 
175.7 
175.7 
175.7 
175.7 
175.7 
187.0 
187.0 
169.5 
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YA3-14 K 37.55 86.56 -15.8 199.1 -34.7 204.8 11.1 30.4 7/7 22.3 169.5 
YA3-15 K 37.55 86.56 4.1 191.2 -16.6 192.1 7.0 62.8 8/8 22.3 169.5 
YA3-16 K 37.55 86.56 -8.3 186.1 -29.5 188.5 14.0 30.6 5/5 22.3 169.5 
YA3-17 K 37.55 86.56 -0.1 181.0 -21.9 181.9 7.6 63.7 7/7 22.3 169.5 
KZ1-02 K 37.58 86.94 5.4 198.3 -35.8 199.2 23.8 11.3 5/5 41.3 194.4 
KZ1-04 K 37.58 86.94 15.2 176.0 -24.0 175.0 6.4 76.3 8/8 41.3 194.4 
KZ1-05 K 37.58 86.94 16.8 178.0 -22.9 177.4 6.3 93.9 7/7 41.3 194.4 
KZ1-06 K 37.58 86.94 22.1 177.2 -17.6 177.7 4.9 189.8 6/6 41.3 194.4 
KZ1-07 K 37.58 86.94 30.8 171.5 -7.9 174.6 17.8 19.5 5/5 41.3 194.4 
KZ1-08 K 37.58 86.94 4.5 189.5 -36.6 188.2 15.9 24.2 5/5 41.3 194.4 
KZ2-10 K 37.57 86.94 -22.8 212.4 -53.0 224.9 5.0 93.6 10/10 33.6 191.2 
KZ2-11 K 37.57 86.94 22.0 220.7 -7.7 218.7 11.8 33.3 6/6 33.6 191.2 
KZ2-15 K 37.57 86.94 -3.9 187.1 -37.4 186.1 14.3 18.9 7/7 33.6 191.2 
KZ2-16 K 37.57 86.94 -17.5 172.1 -48.5 163.1 19.6 8.9 8/8 33.6 191.2 
KZ2-17 K 37.57 86.94 7.3 211.8 -24.0 213.7 17.1 21.0 5/5 33.6 191.2 

Mean West 37.57 86.85 -3.5 8.8 8.4 8.0 41/44 
Mean West 37.57 86.85 28.6 8.3 5.5 17.5 41/44 

Westem sections 
MeanYAI K 37.57 86.87 -21.4 6.2 25.6 6.5 16.7 12.0 8/8 47.7 175.7 
Mean YA2 K 37.58 86.85 -30.8 -7.7 9.8 -5.8 10.7 39.8 1/1 41.6 187.0 
Mean YA3 K 37.55 86.56 4.7 12.1 25.1 14.6 11.4 46.2 5/5 22.3 169.5 
MeanKZI K 37.57 86.94 -16.0 2.1 24.4 1.4 11.6 34.0 6/6 41.3 194.4 
Mean KZ2 K 37.57 86.94 3.2 20.8 36.2 23.1 26.8 9.1 5/5 33.6 191.2 
Notes: Sites - site Identification; Fm. - sampled fomnation (J - Late Jurassic; K -

Cretaceous; P - Paleogene); Lat, Long. - latitude and longitude of sampling locality; In-situ 
and tilt corrected site-mean paleomagnetic directions given t)y I - inclination and D -
declination; age - radius of 95% confidence circle of mean direction; k - concentration 
parameter; n/N - n-number of ChRM directions considered for the mean direction 
calculation, N-total numt)er of ChRM; Dip, Dip az. - Mean dip and dip azimuth of bedding 
attitude. * - discarded site. Sections - section-mean results from western portion. 
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CHAPTER 5; PALEOMAGNETIC RESULTS FROM THE ALTUN SHAN, THE 

NAN SHAN/QH.IAN SHAN AND THE HEXI CORRTOOR 

INDICATE NO CENOZOIC VERTICAL-AXIS ROTATIONS OF 

THE ALTYN TAGH FAULT AND ADJACENT REGIONS 

Abstract 

We present results from 114 paleomagnetic sites collected in Tertiary red beds 

from several localities distributed in three general regions adjacent to the left-lateral 

Ahyn T^h fiiult at the northernmost edge of the Tibetan plateau. In the Altun Shan, 21 

site-mean directions from Miocene red beds on the flanks of the Xorkol valley yield a 

primary m^netization indicated by positive fold and reversal tests. The observed mean 

paleomagnetic direction (I = 49.7°; D = 5.0°, a95 = 5.4°) indicates no significant vertical-

axis rotation (RtAR = -5.7°±8.6°) when compared to the expected direction at 20 Ma. 

This result, together with other results from the Altun Shan and the Qaidam basin, 

confirms that the Altyn Tagh &ult has not rotated since Neogene time and that sinistral 

shear strain is concentrated on the &ult. Across the entire Nan Shan/Qilian Shan-fold-

thrust belt, results from 57 sites were obtained in Oligocene to Miocene red beds at five 

localities in different intermountain basins. Primary magnetizations are assessed 

independent^ at each k)cality while k)cality-mean paleomagnetic directions cluster after 

structural corrections indicating a prefolding magnetization for each locality. The overall 

mean observed paleomagnetic directkin for the Nan Shan/Qiiian Shanrfokl-thnist belt 

(1=38.8°; D=10.0°, (X95 =11.1°) indicates no significant vertical-axis rotation (RtAR = 
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3.1°±12.8°) when compared to the expected direction at 25 Ma. This result suggests that 

the Nan Shan/Qilian Shan-fold-thrust belt has not rotated since the Neogene in contrast to 

predictions made by some kinematic models. In the Hexi corridor, 36 sites were collected 

in the Longshou Shan from a thick sihstone section deposited during the Aptian-Albian 

interval within the Cretaceous normal superchron. Accordingly all paleomagnetic 

directions are of normal polarity. The observed mean paleomagnetic direction (1=53.4°; 

D=6.8°, 095 =3.8°) is concordant with the expected direction at 110 Ma. This result 

provides a new local paleomagnetic reference for the Sino-Korean craton in agreement 

with published reference paleomagnetic poles for Eurasia. 

Introduction 

The 2500 km northward penetration of India into Asia since -50 Ma resulted in 

the largest collisional orogenic system in the world, the Tibetan-Himalayan orogen 

[Argand, 1924; Besse and Courtillot, 1988; Molnar and Tapponnier, 1975]. Because 

knowledge of the evolution of this orogen is linked to understanding of the physical 

properties of the continental lithosphere, major efforts have been made to retrace the 

kinematics of the different components this orogen [Avouac and Tapponnier, 1993; 

England and Houseman, 1988; Molnar et ai, 1993; Peltzer and Saucier, 1996; Royden et 

ai, 1997]. Nevertheless, the inability to decipher between contrasting tectonic models 

can be attributed to the still very scarce kinematic constraints. 

As of today, the kinematics of the orogen is described mainly through Global 
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Positioning System measurements over the past decade (GPS), seismic-moment tensor 

analyses of the last few decades of seismicity and neotectonic studies of Quaternary slip 

rates on major &ults. In this study we use paleomagnetism to constrain the kinematics of 

the northern regions of this orogen over the past 30 nty.. The northern portion of the 

orogen comprises the most recent expression of Asian deformation and is likely the stage 

for ongoing northward propagation of the Tibetan plateau [Meyer et aL, 1998]. 

Central to this study is the Altyn Tagh &ult, a major sinistral strike-slip system 

believed to be a key player in the propagation of the collision and possibly the extrusion 

of the Tibetan plateau. To constrain vertkal-axis rotations of crustal blocks bounding the 

&ult system and understand the regional tectonics, we have collected samples from 

Cretaceous to Tertiary intermountain basins in adjacent regions including the Qakiam 

basin, the Altun Shan, the Qilian Shan/Nan Shan fold-thrust belt and the Hexi corridor 

(Figure 5.1). 

Methods 

Paleomagnetic sampling was performed using the methods described in Butler 

[1992]. At each site (= sedimentary horizon), eight oriented core samples were collected 

and bedding attitude was measured. Several sites were collected ak)ng a continuous 

section for which a mean bedding attitude was calculated. One or several sections were 

collected within one locality. All samples were stored, thermal^ dems^netized and 

measured in a magnetically shielded room with average field intensity below 200 nT. 

After initial measurement of natural remanent magnetization (NRM), samples were 
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thermally demagnetized at 10 to 20 temperatures from 50°C to 700°C. Results from at 

least four successive temperatures were analyzed by principal component analysis 

[Kirschvink, 1980] to determine sample ChRM directions. Samples yielding ChRM 

maximum angular deviation (MAD) greater than 1 S° were rejected from further analysis. 

Site-noean ChRM directions were calculated using methods of Fisher [1953]. Sample 

ChRM directions more than two angular standard deviations from the initial mean 

direction were rejected prior to final site-mean calculation. Finally site-mean ChRM 

directions calculated from less than 4 sample ChRM directions and site-mean directions 

with a9s greater than 25° were systematically rejected. Upon determining the primary 

character of the magnetization further tectonic analysis were performed using the 

methods of Beck [1980] and Demurest [1983]. The observed direction obtained from the 

overall mean of tilt-corrected site-means (discarding site-means 2 standard angular 

deviation away from the overall mean) is compared to the expected paleomagnetic 

direction at the section location determined from the paleomagnetic pole from Eurasia 

[Besse and Courtillot, 2002] of the relevant age. 

Altun Shan 

Geology and sampling 

In the Altun Shan, 44 sites were collected in 4 gently dipping red bed sections on 

the northern flank of the Xorkol valley (Figure 5.2a). Fine sandstone to mudstone 

horizons with occasional paleosols were selected within a thick formatk)n of mostly 

conglomerate, sandy-conglomerate interlayered with sandstone, mudstone and gypsum 
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layers. Sampled sections beloi^ to the Lower Gancaigou formation (Esg) attributed an 

Oligocene age based on stratigraphic correlation to nearby sections yielding fossil 

assemblages (Ilipocris cf. errabundis; Condoniella marcida, Eucypris sp.; Sphaerium cf. 

rivicolum; map J-46-VIII, 1/200,000 [XBGRM, 1993]). 

Paleomagnetic Results 

Two pQot samples from each of the 44 collected sites were demagnetized using 

20 temperature steps. In 20 sites, low intensity NRM (bebw 10"^ A/m) were completely 

demagnetized below 450° and erratic demagnetization paths prevented determination of 

reliable ChRM directions. These sites were discarded from further analysis. In the 

remaining 24 sites, demagnetization of stronger intensity NRMs (above 10'̂  A/m) yielded 

interpretable ChRM directions such that we carried out demz^netizations of the 

remaining samples. A ChRM component carried by magnetite is suggested by 

demagnetization complete bebw 600°C for sections 2 and 3 (Figure 5.2c,d) whfle a 

combination of magnetite and hematite is suggested by progressive demagnetization from 

100°C to 680°C in sections 1 and 4 (Figure 5.2b,e). Occasional secondary magnetizations 

were removed below 300°C suggesting presence of maghemite (Figure 5.2d). From the 

24 calculated site-mean ChRM directbns listed in Table 1, three outlying directions were 

discarded according to the methods described above. The remaining 21 directions cluster 

in antipodal &shk)n in stratigraphic coordinates after structural correctbn (Figure 5.2f). 

A positive fold test at the 99% level [McFadden, 1990] and a positive reversal test (Class 

C [McFadden and McElhinny, 1990]) indicate a primary magnetization. The mean of the 
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Figure 52. The Xorkol valley locality, (a) Geologic map of the studied area. Boxes indicate the location of 
the sampled sections. Abbreviation for formation ages in maps of Figure 52 through S.8 are as followed: Q 
= Quaternary; N2 = Late Miocene; N| = Early Miocene; E3 = Oligocene; E1.2 = Paleocene-Eocene; fC = 
Cretaceous; B = undifferentiated basment rock, (b), (c), (d), (e) Vector end point diagrams of typical 
samples fixim different sections in geographic coordinates. Black qmbols are projection on the horizontal 
plane and white ^mbols projection on the vertical plane. (Q Stereographic projection of site-mean ChRM 
directions from the locality in geographic and stratigraphic coordinates. Black squares are lower 
hemisphere projections and open triangles are upper hemisphere projections. In stratigraphic coordinates, 
gray square indicates the mean of all site-mean directions in normal polarity format while gray ellipse is the 
expected direction calculated from the paleomagnetic pole of Eurasia at 20 Ma. 
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Tabte S.1. Site-mean directions from the Xorkol valley in the Altun Shan. 
Sites Lat Long. Geoaraohic Stratiaraohic OSS k n/N Dip Dipaz. 

/ O D 
(°N) ("E) d n n n d c) (°) 

Section 1 
XV003 39.03 91.75 -7.1 187.2 -25.1 189.8 16.4 24.3 4/5 20.0 162.0 
XV004 39.03 91.75 -14.9 198.2 -30.6 203.6 10.0 38.3 6/6 20.0 162.0 

Section 2 
XY011 38.92 91.52 74.6 6.2 42.7 8.4 11.0 26.8 7/7 31.9 9.7 
XV012 38.92 91.52 76.0 354.5 44.5 4.6 12.4 21.0 7/7 31.9 9.7 
XV013 38.92 91.52 64.4 11.5 32.5 10.6 10.7 33.3 6/7 31.9 9.7 
XV014 38.92 91.52 69.6 16.5 37.8 12.7 12.7 38.3 4/5 31.9 9.7 
XV025 38.92 91.52 -63.7 189.4 -31.8 189.5 11.4 36.9 5/6 31.9 9.7 

Section 3 
XV027 38.93 91.50 -58.8 168.2 -61.9 163.7 7.9 75.6 5/5 4.0 206.0 
XV028 38.93 91.50 -57.1 194.9 -61.0 193.5 13.8 34.2 4/4 4.0 206.0 
XV029 38.93 91.50 -47.1 191.5 -50.9 190.3 4.8 138.4 7/7 4.0 206.0 
XV030 38.93 91.50 -50.3 179.1 -57.2 176.4 2.7 357.2 8/8 4.0 206.0 
XV031 38.93 91.50 -44.1 195.9 -48.1 195.1 7.8 44.9 8/8 4.0 206.0 
XV034 38.93 91.50 -54.8 160.2 -57.4 155.7 17.3 16.3 5/5 4.0 206.0 

Section 4 
XV035 38.93 91.25 44.5 18.0 47.5 13.8 15.6 26.7 4/4 5.0 250.0 
XV036 38.93 91.25 61.3 6.3 63.2 357.5 4.9 110.8 8/8 5.0 250.0 
XV037 38.93 91.25 53.2 3.7 55.0 357.2 4.1 187.7 7/7 5.0 250.0 
XV038 38.93 91.25 53.3 9.1 55.5 2.8 5.3 135.4 6/8 5.0 250.0 
)CV039 38.93 91.25 52.8 9.2 55.0 3.1 6.3 68.3 8/8 5.0 250.0 
XV040 38.93 91.23 63.4 356.5 63.4 356.5 5.7 146.0 5/5 0.0 0.0 
XV041 38.93 91.23 55.4 353.3 55.4 353.3 5.3 132.8 6/6 0.0 0.0 
XV043* 38.92 91.25 44.7 50.9 45.6 57.9 11.6 48.0 4/4 7.0 152.0 
XV044 38.92 91.25 49.4 349.1 56.0 352.0 18.8 18.7 4/6 7.0 152.0 
mean 38.93 91.43 53.9 5.5 7.0 21.4 21/24 
mean 38.93 91.43 49.7 5.0 5.4 35.3 21/24 

Table 5.1. Note: Sites. Paleomagnetic site nuint)er LaL and Long. - Latitude and Longitude of 
sampled section; Geographic arxl stratigraphic I and D - inclination arxj declination of site-mean 
direction in geographic coordinates (with no structural correction) and stratigraphic coordinates 
(after restoration of local bedding to horizontal); ass - radius of cone of 95% confidence about 
site-mean direction; k - concentration paranrieter; n/N - numt)er sample ChRM directions 
averaged to calculate site-mean paleomagnetic direction/number of sample ChRM directions; 
Dip - angle of dip of local bedding; Dip Az. - azimuth of down dip direction of local bedding; 
mean. - average direction for locality calculated by treating each site-mean direction as a unit 
vector is given in stratigraphic and geographic coordinates; * - discarded site. 
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21 site-mean directions show no significant (RirAR = -5.7±8.6°) vertical-axis rotation of 

the mean paleomagnetic declination with respect to the expected direction calculated 

fi-om the VGP of Eurasia (Figure 5.2C Table 5.8; [Besse and Courtillot, 2002]). 

QUian Shan/Nan Shan foM-thnist belt 

Five Cenozoic intermountain basins have been investigated within a southwest to 

northeast transect across the Nan Shan/Qilian Shan fold-thrust belt (Figure 5.1). We 

present these localities from west to east: the Dan He locality, the Nan Shan locality, the 

Shule He locality, the Qilian Shan locality and the Yumen locality. 

Dan He Locality 

Geology and Sampling 

On the southwestern skle of the Nan Shan/Qilian Shan, we collected one section 

at the Dan He locality located in the Suhai basin on the southern flank of the Dan He Nan 

Shan (Figure 5.1). 16 sites covering 80 meters of fine sandstone to mudstone in a 

continuously exposed section were collected within a fossil bearing {Planorbis cf. 

youngi) Early Miocene (NO conglomerate with brown intercalated claystone and sihstone 

formation (Figure 3a, map J-46-XII, 1/200,000 [Qinghai Bureau of Geology and Mineral 

Resources, 1991]). 

Paleomagnetic Results 

Upon thermal demagnetization, 13 out of the 16 collected sites yielded 
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TabI* 5  ̂Site-mean directions from the Dan He locality in ttie Qilian Shan/Nan Shan 
fold-thrust t)elt 

Sites Lat Lona. Geoaraohlc Strata'araohic 095 k n/N Dip Dipaz. 

/ D / D 
CN) (»E) (-) n n r) n n n 

DN001 38.77 95.53 -28.9 139.3 -54.2 206.6 17.2 29.5 4/4 66.3 99.6 
DN002 38.77 95.53 -24.2 156.2 -38.7 202.5 9.9 27.8 9/9 66.3 99.6 
DN004 38.77 95.53 -13.3 122.5 -65.9 168.0 16.2 23.3 5/5 66.3 99.6 
DN005 38.77 95.53 -21.5 146.1 -47.2 196.2 10.5 28.8 8/8 66.3 99.6 
DN006 38.77 95.53 -4.3 131.0 -54.0 161.8 10.8 31.9 7/8 66.3 99.6 
DN007 38.77 95.53 -14.4 148.9 -42.7 187.6 6.8 67.7 8/8 66.3 99.6 
DN008 38.77 95.53 6.3 156.9 -26.6 168.9 13.9 16.8 8/8 66.3 99.6 
DN009 38.77 95.53 17.2 325.7 46.5 9.9 10.8 27.3 8/8 66.3 99.6 
DN010 38.77 95.53 38.2 339.1 37.9 40.5 8.3 45.2 8/8 66.3 99.6 
DN011 38.77 95.53 -8.2 150.7 -38.8 180.8 13.7 45.8 4/4 66.3 99.6 
DN012 38.77 95.53 -0.1 139.9 -44.4 164.4 8.0 71.4 6/7 66.3 99.6 
DN013 38.77 95.53 -19.3 134.6 -57.3 188.7 30.6 10.0 4/4 66.3 99.6 
DN016 38.77 95.53 7.3 321.7 46.4 354.5 9.5 41.6 7/7 66.3 99.6 
mean 38.77 95.53 -14.9 143.8 -47.5 185.9 8.3 26.2 13/13 

See note for table 5.1 
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interpretable ChRM directions. Samples from these sites show strong NRM (above 10'̂  

A/m) demagnetized within the 200°C-600°C range and 650°C-690°C range which can be 

attributed to a ChRM carried by a combination of magnetite and hematite respectively 

(Figure S.3b). Well-defined site-mean directions were obtained from the 13 sites and are 

listed in Table 5.2 and illustrated in Figure 5.3c. Antipodal normal and reverse polarity 

directions are immediately apparent. These directions pass the reversal test of class C 

[McFadikn and McElhinny, 1990]. Bedding attitude is uniform across the section such 

that application of a fold test is not possible. However, the mean of the site-mean 

directions, when compared to the other Qilian Shan/Nan Shan results, passes a regional 

fold test with 99% coniideiKe (Figure 5.9). Finally, the reversal test and the regional fold 

test strongly suggest a primary origin for the magnetization. 

Nan Shan Locality 

Geology and Sampling 

To the northeast of the Dan He locality, the Nan Shan locality is located on the 

opposite side of the Dan He Nan Shan (Figure 5.1). 30 sites covering 150 meters of 

southwest dipping section were collected in the fine brick-red sandstones of a 

continuously exposed unit of conglomerates with intercalated fine siltstone, mudstone 

and occasional gypsum layers (Figure 5.4a). Although no fossils are reported from this 

locality, this unit is correlated to the formation of the Dan He locality described above 

([Qinghai Bureau of Geology and Mineral Resources, 1989]). 
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Table 5.3. Site-mean directions from the Nan Shan locality in the Qilian Shan/Nan Shan fold-
thrust t)elt 

Sites Fm. Lat Long. Geoaraohic Strab'araohic age k n/N Dip Dipaz. 
/ D / D 

("N) (-E) n n n n n n (°) 

NS022 N1 39.02 95.72 -1.9 207.2 -41.1 211.4 10.9 32.3 6/6 40.5 194.5 
NS023 N1 39.02 95.72 -4.1 199.7 -44.4 201.7 16.8 11.8 7/7 40.5 194.5 
NS024 N1 39.02 95.72 0.7 8.1 38.0 0.6 8.5 37.9 8/8 40.0 195.5 
NS025' N1 39.02 95.72 -13.9 330.0 9.8 331.2 10.7 27.9 7/7 40.0 195.5 
NS028 N1 39.02 95.72 29.4 211.0 -31.9 211.1 7.6 47.3 8/8 61.3 211.0 
NS029 N1 39.02 95.72 28.8 230.1 -29.7 230.3 10.1 31.4 7/7 61.3 211.0 
mean E3 39.02 95.72 -10.5 26.1 22.6 12.6 5/6 
mean E3 39.02 95.72 38.2 27.7 15.1 21.3 5/6 

See note for table 5.1 
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Paleomagnetic Results 

Upon demagnetization of all samples &om the 30 sites of this ISO-meter section, 

the majority of the samples from 24 sites yielded low intensity NRM (below 10"* A/m) 

that were complete^ demagnetized below 4S0°C. No reliable ChRM direction could be 

determined from deme^netization of the samples from these sites. In the remaining 6 

sites, stronger NRMs yielded a stable ChRM component upon thermal demagnetization 

above 650°C suggesting a hematite carrier (Figure 5.4b). Although within site ChRM 

directions are well clustered as expressed by the site-mean cc^s, site-mean directions 

sufifer from some scattering (Figure S.4c). One outlying site-mean direction was 

discarded for further analysis (Table S.3). The five remaining site-mean directions cluster 

in antipodal fashion after structural correction but the reversal test [McFadden and 

McElhinny, 1990] and the fold test [McFadden, 1990] are indeterminate. This can be 

attributed to the gict that the normal direction is defined by one site-mean only. Hence, 

based on the above results only, it is difiBcult to assess with high confidence the primary 

origin for the magnetisation of this section independently. However, comparing the mean 

of site-mean direction for the Nan Shan section to the other localities in the Nan 

Shan/Qilian Shan reveals a dramatic cluster after structural correction (Figure 5.9) 

yielding a positive regional fold test with 99% confidence [McFadden, 1990]. This 

observation, together with the antipodal nature of site-mean directions and the clustering 

after structural correction, indk:ate a primary origin for the magnetizatioru 
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Shale He Locality 

Geology and Sampling 

In the central part of the Qilian Shan/Nan Shan fold-thrust belt, the Shule He 

locality is located at the northwest end of the high valley where the Shule River 

originates (Figure S.l). 12 sites collected in brownish sandy mudstones span a uniformly 

dipping 30-nieter thick section of a Lower Miocene formation (Figure 5.7a, map J-47-

VIII, [Qinghai Bureau of Geology and Mineral Resources, 1989]). 

Paleomagnetic Results 

Demagnetization behavkir of the Shule He samples was very straightforward. 

Except for 2 sites with weak NRM, a strong NRM (above 10"^ A/m) was uniformly 

demagnetized in the 200°C-625°C temperature range and 660°C-680°C temperature 

range suggesting the combined presence of magnetite and hematite (Figure 5.5b). ChRM 

directions were successfully determined from most samples of the remaining 10 sites. 

Calculated site-mean directions are listed in Table 5.4 and illustrated on Figure 5.5c. 

Because all directions are of normal polarity and because there is no variatk)n in the 

bedding attitude of the sampled section, field tests cannot be applied. However, the mean 

of the site-mean directions together with the mean direction of the other localities in 

theNan Shan/Qilian Shan pass a regional fold test with 99% confidence suggesting a 

primary origin of the magnetization (Figure 9). 
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Tabf* 5  ̂Site-mean directions from the Shule He section in tfie Qilian Shan/Nan Shan 
fold-thrust t)elt 

Sites Lat Long. Geooraohic Strataaraohic 095 k n/N Dip Dipaz. 
/ D / D 

CN) (°E) r) (") n n o n n 
SH001 38.73 97.97 52.7 35.5 36.7 34.1 12.5 20.6 8/8 16.0 78.0 
SH002 38.73 97.97 50.0 344.4 37.8 354.5 7.3 84.7 6/6 16.0 78.0 
SHOOS 38.73 97.97 37.4 1.0 23.1 5.2 14.1 19.2 7/7 16.0 78.0 
SH006 38.73 97.97 25.1 25.5 9.1 25.9 7.1 62.3 8/8 16.0 78.0 
SH007 38.73 97.97 47.0 356.9 33.0 3.6 16.2 12.7 8/8 16.0 78.0 
SH008 38.73 97.97 45.7 346.7 33.3 355.1 17.2 13.3 7/7 16.0 78.0 
SH009 38.73 97.97 42.0 352.9 28.7 359.2 13.8 17.1 8/8 16.0 78.0 
SH010 38.73 97.97 50.4 12.0 35.0 16.0 11.7 23.5 8/8 16.0 78.0 
SH011 38.73 97.97 46.5 17.8 30.8 20.2 7.1 61.2 8/8 16.0 78.0 
SH012 38.73 97.97 41.6 18.7 25.9 20.6 20.0 12.2 6/6 16.0 78.0 
mean 38.73 97.97 45.0 7.3 30.0 11.6 8.8 31.3 10/10 

See note for tat)le 5.1 
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Qilian Shan Locality 

Geology and Sampling 

On the northeastern portion of the Qilian Shan/Nan Shan fold-thrust belt, the 

Qilian Shan locality is situated in a piggy-back basin south of the active Qilian Shan 

thrust front, in the vicinity of the town of Yumen (Figure 5.1). 26 sites were collected in 

brick-red mudstones and fine sandstones interbedded with the red sandstones of the 536-

meter thick Lower Miocene Nib formation (Map J-47-II, 1/200,000 {Gansu Bureau of 

Geology and Mineral Resources, 1989]). These sites were collected in 2 sections. Sectk)n 

1 comprises 14 sites covering a 130-meter thickness. Section 2 is stratigraphically above 

section I and comprises 12 sites covering a 110-meter thickness (Figure 5.6a). 

Paleomagnetic Results 

Upon thermal demagnetization of 2 samples from each of the 26 collected sites, 

12 sites yielded low intensity NRM and erratic demagnetization behavior such that these 

sites were not fiirther analyzed. In the remaining 14 sites, demagnetizations of samples 

yielded very stable ChRM in the 600°C-680°C temperature range suggesting a ChRM 

carried mostly by hematite (Figure 5.5b). Except for one site-mean direction with 

a9s>25° that was discarded, the within-site scatter is small as expressed by typically high 

k values for the remaining 13 site-mean dn%ctk)ns listed in Table 5.5. In contrast, a 

relatively large scatter is observed between the site-mean directions illustrated on Figure 

5.5c. Due to this scatter, the reversal test is indeterminate[A/cFa<^n and McElhinny, 

1990] although normal and reverse polarity directions are nearly antipodal. 



96 

/ ;/ \ 

•v /• xi- • ^ 
/ StdionZ^e] —V'f^ '  

• v "' sibton IiIiN / / ) 

v \ 
1 
\ 
\ 

 ̂ / 39°40'N 

''// 

'DNI '' 

- ; \ - -5krn '  - .  ' . - • f  -  • 

9r'4S'E 

QS: 12 sites »> Up,W 

665 

QS015D 
629 

Geographic Stratigraphic 

401 
303 

Down 

Figure 5.6. The Qilian Shan locality of the Qilian/Nan Shan fold-thrust belt. See caption 
from Figure 5.2. 



97 

Tabto 5.5. Site-mean directions from the Qiiian Shan section in the Qilian Shan/Nan 
Shan fold-thrust t)elL 

Sites Lat Long. Geoaraohic Stratiaraohic ags k n/N Dip Dip az. 
/ D 1 D 

CN) CE) n n n n (") c) (") 
Section 1 

QS005 39.68 97.67 -44.5 179.1 -59.4 158.2 24.9 6.8 7/7 21.7 216.4 
QS006 39.68 97.67 -18.9 185.5 -37.0 178.9 7.5 65.4 7/7 21.7 216.4 
QS007 39.68 97.67 -0.5 196.7 -20.8 195.2 10.2 30.3 8/8 21.7 216.4 
QS008 39.68 97.67 9.6 352.8 24.8 347.9 16.5 14.3 7/7 21.7 216.4 
QS009 39.68 97.67 -0.1 159.6 -11.7 157.7 8.6 49.7 7/7 21.7 216.4 
QS010 39.68 97.67 -43.0 177.9 -57.7 158.0 10.7 75.3 4/5 21.7 216.4 
QS012 39.68 97.67 -7.5 202.7 -28.6 200.9 20.6 14.7 5/5 21.7 216.4 

Section 2 
QS015 39.70 97.65 31.7 3.9 45.2 1.0 5.5 151.9 6/6 14.0 197.3 
QS016 39.70 97.65 41.0 350.2 53.0 342.4 13.6 32.6 5/5 14.0 197.3 
QS019 39.70 97.65 -40.2 222.2 -52.6 229.2 13.4 21.3 7/7 14.0 197.3 
QS021 39.70 97.65 -22.7 185.4 -36.4 183.6 21.0 9.2 7/7 14.0 197.3 
QS022 39.70 97.65 -35.5 171.2 -47.8 165.1 11.1 69.2 4/5 14.0 197.3 
mean 39.69 97.66 25.5 3.7 12.3 13.2 12/12 
mean 39.69 97.66 41.3 358.4 12.4 13.8 12/12 

See note for table 5.1 
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A small improvement in clustering of site>mean directions is observed after restoring the 

beds to horizontal but the small variations in dip do not allow application of a significant 

fold test. Although these tests cannot be formally performed for the Qilian Shan dataset 

independently, the mean of the site-mean directions together with the mean directions of 

the other localities in the Nan Shan/Qilian Shan pass a regional fold test with 99% 

confidence. Hence, we conclude that the sum of these observations suggest a primary 

origin for the observed magnetization while the scatter in the dataset has nwst likely a 

later origin and may be related to meter-scale deformation of this actively deforming 

area. 

Yumen Locality 

Geology and Sampling 

On the northeastern end of the Qilian Shan/Nan Shan fold-thrust belt, the Yumen 

locality is positioned north of the Qilian Shan front, north of the town of Yumen (Figure 

5.1). 23 sites were collected in brick-red mudstone of the Oligocene Esh formation 

(Figure 5.7a, map 1-47-11, 1/200,000 [Gansu Bureau of Geology and Mineral Resources, 

1989]). Sites are spread over 4 outcrops covering an estimated 200 meters of section with 

small variations in bedding attitude. 

Paleomagnetic Results 

Upon thermal demagnetization of 2 pilot samples from each of the 23 collected 

sites, 9 sites yielded low intensity NRM and erratk; demagnetization behavior such that 
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Figure 5.7. The Yumen locality of the Qilian/Nan Shan fold-thrust belt. See caption from 
Figure 5.2. 
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TabI* 5.6. Site-mean directions from the Yumen section in the Qilian Shan/Nan Shan 
fold-thrust belt 

Sites Lat Long. Geooraohic StratiaraDhic a95 k n/N Dip Dipaz. 
/ O / D 

CN) CE) n C) n n C) n n 
YU006 39.97 97.68 -27.8 194.0 -34.9 191.8 16.2 12.6 8/8 8.0 220.0 
YU007 39.97 97.68 -28.8 192.5 -35.8 190.0 14.1 19.2 7/7 8.0 220.0 
YU008 39.97 97.68 -28.0 186.3 -34.5 183.5 15.9 15.4 7/7 8.0 220.0 
YU011 39.97 97.68 -32.1 188.7 -38.9 186.5 10.6 33.1 7/7 7.5 212.0 
YU014 39.97 97.68 -36.2 212.2 -44.1 211.2 18.9 8.4 9/9 8.0 220.0 
YU015 39.97 97.68 -38.1 193.4 -45.1 190.0 7.8 60.5 7/7 8.0 220.0 
YU016 39.97 97.68 -14.0 190.0 -20.7 188.7 15.2 14.3 8/8 8.0 220.0 
YU017 39.97 97.68 -23.9 184.6 -30.3 182.2 11.6 23.8 8/8 8.0 220.0 
YU018 39.97 97.68 -10.4 181.1 -16.6 179.8 12.2 31.0 6/6 8.0 220.0 
YU019 39.97 97.68 51.6 11.8 39.7 10.9 12.1 31.4 6/6 12.0 7.0 
YU020 39.97 97.68 33.8 7.4 21.8 7.3 4.0 232.9 7/7 12.0 7.0 
YU021 39.97 97.68 43.2 7.4 31.2 7.4 21.7 13.4 4/5 12.0 7.0 
mean 39.97 97.68 -30.9 190.5 7.1 37.8 12/12 
mean 39.97 97.68 -33.0 188.6 6.0 53.7 12/12 

See note for tat)le 5.1 
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these sites were not further analyzed. In the remaining 14 sites, a ChRM was 

demagnetized in the 200°C-600°C and 650°C-690°C temperature range suggesting a 

combination of magnetite and hematite (Figure S.7b). Two site-mean directions with 

a9s>2S° were discarded. The remaining 12 site-mean directions are listed in Table 5.6 

and illustrated on Figure 5.7c. These directions cluster in antipodal &shion after 

structural correction yielding a positive fold test with 95% confidence [McFadden, 1990] 

and a reversal test of class C [McFadden and McElhinny, 1990] suggesting a primary 

origin for the m^netization. 

Hen Corridor 

Geology and Sampling 

The Hexi corridor is directly east of the Qilian Shan/Nan Shan fold-thrust belt and part of 

the Sino-Korean craton (Figure 5.1). In the Longshou range, located north of the town of 

Zhangye, we collected 38 sites covering 2 ~100-meter thick sections (Figure 5.8a) of 

subhorizontal purple to brown well-indurated sfltstones of the Early Cretaceous upper 

Miaogou group (Ktmg  ̂ map J-47-XI, 1/200,000 [Gansu Bureau of Geology and Mineral 

Resources, 1989]). Our sampling covers part of the 2.5 km thick continuous section 

described in the Renzoi^ou transect [f^ncent and Allen, 1999]where an early 

Cretaceous age for the sampled strata is based on occurrence of fossils {Stellatochara 

mundula) from the Aptian^Albian age mtervaL 
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Figure 5.8. The Longshou Shan Locality of the Hexi Corridor, (a) Kimg* and Kimg'' are 
Early Cretaceous lower and upper Miaogou group. Otherwise, see caption from Figure 
5.2. 
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Table 5.7. Site-mean directions from the Longshou Shan section in the Hexi corridor. 
Sites Lat Long. Geographic Stratiaraohic age  ̂ Dip Dipaz. 

(°N) CE) 
/ 

n 
D 
n 

I 
n 

D 
n n n n 

LS001 
LS002 
LS003 
LS004 
LS005 
LS006 
LS007 
LS008 
LS009 
LS010 
LS011 
LS012 
LS013 
LS014 
LS015 
LS016 
LS017 
LS018 
LS019 
LS020 
LS021 
LS022 
LS023 
LS024 
LS027 
LS028 
LS029 
LS030 
LS031 
LS032 
LS033 
LS034 
LS035 
LS036 
LS037 
LS038 

39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.05 
39.12 
39.12 
39.17 
39.17 
39.17 
39.17 
39.17 
39.17 
39.17 
39-17 
39.17 
39.17 
39.17 

100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.45 
100.55 
100.55 
100.58 
100.58 
100.58 
100.58 
100.58 
100.58 
100.58 
100.58 
100.58 
100.58 
100.58 

50.8 
51.1 
56.6 
50.2 
72.3 
58.6 
59.9 
51.6 
50.7 
53.1 
64.3 
61.6 
45.1 
18.5 
34.9 
58.8 
53.3 
49.1 
52.8 
54.6 
52.0 
57.2 
56.6 
56.1 
63.9 
57.3 
64.4 
63.9 
67.8 
59.1 
56.8 
71.3 
72.5 
68.6 
45.9 
61.2 

350.3 
331.0 
42.8 
7.0 
10.7 
32.5 

345.8 
5.7 
2.2 
9.5 
4.7 
22.3 
5.2 

347.6 
13.5 
358.3 
348.2 
359.0 
357.6 
4.5 
8.5 
24.5 
21.2 
359.9 
19.3 
9.3 
13.2 
14.2 
12.2 
6.4 
1.2 
7.6 

349.5 
1.1 
3.6 

351.2 

47.6 
48.3 
54.2 
47.0 
69.1 
55.8 
56.8 
48.4 
47.5 
49.9 
61.1 
58.6 
41.9 
15.4 
31.8 
55.6 
50.2 
45.9 
49.6 
51.4 
48.8 
54.3 
53.6 
52.8 
59.6 
52.6 
59.4 
58.9 
62.8 
54.5 
52.6 
66.5 
68.8 
64.2 
41.6 
57.6 

350.9 
332.7 
39.7 
6.6 
9.1 
29.9 
347.0 
5.3 
2.1 
8.9 
4.3 
20.3 
5.0 

347.8 
13.0 
358.4 
349.0 
359.0 
357.8 
4.2 
8.0 
22.7 
19.6 
5.2 
23.9 
14.2 
19.1 
19.8 
19.0 
12.0 
7.0 
16.5 
2.7 
10.2 
7.4 

359.1 

4.5 
5.4 
3.0 
5.8 
4.8 
8.4 
10.4 
7.9 
5.3 
8.8 
3.7 
6.8 
7.2 
5.4 
5.5 
6.7 
3.7 
3.8 
3.4 
2.7 
9.2 
8.6 
8.6 
8.9 
6.2 
10.5 
4.5 
8.7 
5.3 
11.7 
11.5 
5.9 
9.0 
4.6 
9.8 
8.8 

224.5 
126.7 
345.5 
91.1 
157.0 
53.1 
55.1 
72.6 
159.5 
40.2 
325.6 
66.8 
60.3 
107.1 
100.6 
83.1 
262.1 
214.5 
260.1 
502.6 
43.9 
42.4 
42.5 
57.1 
152.2 
77.3 
149.4 
48.8 
301.8 
23.3 
34.9 
107.1 
74.0 
215.1 
33.0 
40.2 

6/6 
7/7 
8/8 
8/8 
7/7 
7/7 
5/5 
6/6 
6/6 
8/8 
6/6 
8/8 
8/8 
8/8 
8/8 
7/7 
7/7 
8/8 
8/8 
7/7 
7/7 
8/8 
8/8 
6/6 
5/5 
4/4 
8/8 
7/7 
4/4 
8/8 
6/6 
7/7 
5/5 
6/6 
8/8 
8/8 

3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
5.0 
5.0 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
51.6 
51.6 
47.9 
47.9 
47.9 
47.9 
47.9 
47.9 
47.9 
47.9 
47.9 
47.9 
47.9 

mean 
mean 

39.09 
39.09 

100.50 
100.50 

57.0 4.9 
53.4 6.8 

3.8 
3.8 

40.4 
40.5 

36/36 
36/36 

See note for table 5.1 
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Paleomagnetic Results 

Outstanding magnetic properties were found in the samples of the Longshou Shan 

locality. Thermal demagnetizations of strong NRM (>10*^ A/m) in the 200°C-680°C 

range yield well-defined imivectorial ChRM directions (Figure 5.8b). Erratic directions 

were observed in samples from only two sites that were discarded from further analysis. 

The within-site scatter of the remaining 36 site-mean directions is particularly small as 

expressed by high k values (Table S.7). Site-mean directions illustrated on Figure S.8c 

cluster around the expected direction calculated from the paleom^netic pole of Eurasia. 

Bedding corrections are too small to yield a significant fold test and all directions are of 

normal polarity precluding a reversal test. Although field tests cannot be performed, we 

believe that the magnetization has a primary origin rather than from wholesale 

remagnetization for the following reasons: (I) The sediments were deposited during the 

Aptian-Albian interval within the Cretaceous normal superchron (119-84 Ma) which 

explains the &ct that no reversed directions are observed; (2) The mean of the site-mean 

directions is concordant with the expected direction calculated from the paleomagnetic of 

Eurasia [Besse and Courtillot, 2002] yielding no significant vertical-axis rotation or 

inclination flattening at the Longshou Shan locality since Cretaceous time. 
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General Synthesis of Results 

Altun Shan 

When compared to the expected direction, the observed paleomagnetic directions 

from the Xorkol valley locality In the Altun Shan indicate no significant vertical-axis 

rotation since Oligocene time (Table 5.8). This result is in good agreement with other 

results at the southwestern end of the Altun Shan (Figure 5.1; [Rumelhart et ai, 1999; 

Yin^ 2000]). These results together confirm that the Altyn Tagh &ult (ATF) has not 

rotated significantly since Oligocene time, a conclusion previously made based on the 

absence of vertical-axis rotation in the Qaidam basin [Dupont-Nivet et ai, 2002]. In 

addition, the absence of rotation in these localities situated in the proximity of the left-

lateral ATF indicates that sinistral shear strain is not distributed north of the ATF but 

rather concentrated on the feult trace. A similar trend is observed south of the ATF 

(Figure 5.1; [Dttpont-Nivet et ai, 2002]; [Dupont-Nivet et ai. In review]) supporting 

models of deformation for the Indo-Asian collision where strike-slip strain is 

concentrated on major faults [Tapponnier et ai, 1986; Tapponnier et al., 1982]. 

Qilian Shan/Nan Shan fold-thrust belt 

Figure 5.9 and Table 8 summarize the results from ail the studied Realities in the 

Nan Shan/Qilian Shan fold-thrust belt. The observed grouping of locality-mean directions 

in stradgraphic coordinates illustrates a positive fokl test with 99% confidence indicating 

a prefokiing magnetization in each of the localities. However, locality-mean 
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N R±AR»3.1**12.8* 

Ftj\F ' 22.6'±9.6 

Figure 5.9. Stereographic projections of locality-mean directions from the Qilian 
Shan/Nan Shan fold ttinist belt (same symbols as Figure 5.2f). In stratigraphic 
coordinates, gray square is the mean of the locality-mean directions with 95% confidence 
ellipse and gray circle is the expected direction calculated from the paleomagnetic pole of 
Eurasia at 25 Ma. Vertical axis rotation (Ri:AR) and oKlination flattening (F:i:AF) are 
derived from comparison of observed direction with expected direction (see Table 8). 
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Table 5.8. Locality-mean paleomagnetic directions compared to expected directions from Eurasian paleomagnetic pole. 
Loc. Age Location Observed direction Reference Pole Rotation Flattenina 

Lat. Long. 'B Dg 095 U D$ ass Sites Lat. Long. A95 Age R ± AR F ± AF 
(•N) (•E) n n n n n n n/N (-N) (°E) n Ma n n n n 

Altun Shan 
XV Es 38.93 91.43 53.9 5.5 7.0 49.7 5.0 5.4 21/24 82 183.4 5.3 30 •5.7 ± 8.6 7.8 ± 5,9 

Nan Shan/Qillan Shan 
DN N, 38.77 95.53 14.9 323.8 8.3 47.5 5.9 8.3 13/13 81.4 149.7 4.5 20 -3.7 ±11.0 14.7 ± 7.3 
NS N, 39.03 95.72 -10.5 26.1 22.6 38.2 27.7 15.1 5/6 81.4 149.7 4.5 20 18.1 ± 16.3 24.2 1 12.4 
SH N, 38.73 97.97 45.0 7.3 8.8 30.0 11.6 8.8 10/10 81.4 149.7 4.5 20 2.3 ± 9.5 32.4 ± 7.6 
QS N, 39.69 97.66 25.5 3.7 12.3 42.9 -5.3 12.3 12/12 81.4 149.7 4.5 20 -14.8 ± 14.4 20.2 i 10.3 
YU Ea 39.97 97.68 30.9 10.5 7.1 33.0 8.6 6.0 12/12 81.6 183.4 5.3 30 -2.4 1 8.0 26.3 ± 6.1 

mean N,-E3 39.24 96.91 22.8 2.3 30.1 38.8 10.0 11.1 5/5 83.8 153.2 5.3 25 3.1 ± 12.8 22.6 1 9.6 
Hexi corridor 

LS K, 39.09 100.50 57.0 4.9 3.8 53.4 6.8 3.8 36/36 82.1 203.8 C
D

 

110 -2.8 ± 10.1 2.9 t 7.4 
Notes; Loc. = name of paleomagnetic sampling locality. Age = Geological age of sampled formations. Location: Lat. and Long. -
latitude and longitude of sampling locality. Observed direction = mean paleomagnetic direction; Ig and Dg = inclination and 
declination in geographic coordinates with a95 = radius of 95% confidence circle. Is and Ds s inclination and declination in 
stratigraphic coordinates with a95 = radius of 95% confidence circle. Sites; n/N = number of sites used to calculate mean 
direction/number of sites mean paleomagnetic directions. Reference pole; Lat., Long, and A95 = latitude, longitude, 95% confidence 
limit and age of Eurasian paleomagnetic pole [Besse and Courtiltot, 2002). Rotation; RlAR = vertical-axis rotation with 95% 
confidence limit (positive indicates clockwise rotation). Flattening FiAF = flattening of inclination with 95% confidence limit. Rotation 
and flattening are derived from observed direction minus expected direction at locality calculated from reference pole. 
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directions are significantly scattered such that taken independent^, they may indicate 

limited local tectonic vertical-axis rotations. The calculated mean direction of the 

locality-mean directions ywkls an overall mean observed directk)n for the Qilian 

Shan/Nan Shan fold-thrust belt. This direction is concordant with the expected direction 

calculated from paleomagnetic pole of Eurasia at 25 Ma. This result suggests that overall, 

the Qilian Shan/Nan Shan fold-thrust belt has not significantly rotated since 25 Ma. This 

is an important result because prevwus kinematk; models predk:t clockwise rotation of 

this area [Avouac and Tapponnier, 1993; Peltzer and Saucier, 1996], 

Ffexi Corridor 

The observed concordant direction of the Lower Cretaceous Longshou Shan 

locality is the first substantial paleomagnetic result from this area. First it confirms the 

applicability of the paleomagnetic pole of Eurasia for the stable Sino-Korean craton 

providing a local reference for paleomagnetk: studies in this region. Second, this result 

clarifies the pattern of vertical-axis rotations in the Hexi corridor and the Xining-Lanzhou 

area (Figure 5.1). Preliminary results from a k)cality near Zhangye yfekled a strong -30° 

clockwise vertical-axis rotation that has been correlated to clockwise vertical-axis 

rotations in the Xining-Lanzhou area [Frost et aL, 1995; Halim et ai, 1998]. Our results 

from the Hexi corridor and the Qilian Shan/Nan Shan fold-thrust belt suggest that the 

preliminary data from the Hexi corridor probably suffered from a k)cal rotatk>n and that 

rotations observed in the Xinmg-Lanzhou area do not extend to the north. Our result 
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provides a reference for the Sino-Korean craton that is in agreement with the calculated 

paleomagnetic pole of Eurasia \Besse and Courtillot, 2002]. 

Discusskm and Conclusioiis 

Summary 

Paleomagnetic results from this study ytekl the following major constraints on the 

Tertiary kinematics of the northern Himalayan-Tibetan orogen; 

(1) The Ahyn Tagh &iult has not rotated during the late Cenozoic. 

(2) The Qilian Shan/Nan Shan fold-thrust belt has not sufiered major systematic vertical-

axis rotation since the last 30 nLy.. 

(3) The Hexi corridor in the foreland of the Qilian Shan/Nan Shan fold-thrust belt is a 

stable reference indicated by Cretaceous paleomagnetic directions concordant with 

expected directions predicted by the paleomagnetic pole of Eurasia. 

Implication for the Offset on the Altyn Tagh Fault 

The kinematics of the Altyn Tagh &ult have been recently constrained by an 

estimate of ~3S0 km total left-lateral ofi^ between piercing points in the central Qilian 

terrane and the north Qilian terrane (Figure S.l, [Gehrels et ai, in review]). Although this 

ofl^t estimate is valid on the fiiuh itself we can question if it reflects the total motion 

between the Qaidam and the Tarim basin or if additional of^t might result from 

distributed shear away from the &ult as in the Las Vegas shear zone [Nelson and Jones, 

1987] or transrotation of bounding blocks as observed along the San Andreas &ult 



110 

[Dickinson, 1996]. Paleomagnetk; results on arcuate structures adjacent to the fault 

indicate that strike-slip deformation is concentrated on the Altyn Tagh fault rather that 

away &om the &ult [Dupont-Nivet et ai.. In review] such that no additk>nal strike-slip 

ofi^t needs to be added to the 350 km estimate. In addition, the lack of wholesale 

rotation of the Qilian Shan/Nan Shan foki-thrust belt further indkrates that no additional 

ofi^t need to be accounted on the Altyn Tagh &ult through transrotation of this belt. 

Regional Kinematic Implications and Conceptual Model 

Although Cenozoic paleomagnetic results are still scarce in the area (Figure 5.1), 

constraints on tectonic rotatk>ns &om previous paleomagnetic studies indk:ate no overall 

vertical-axis rotation of the Qaidam basin [Dupont-Nivet et ai, 2002] and possibly 30° to 

40° of clockwise vertKal-axis rotation in the Xining-Lanzhou area since Cretaceous time 

[Cogne et ai, 1999; Halim et ai, 1998]. The compilation of these existing results 

provides a general picture that leads us to propose a simple conceptual model describing 

the Tertiary kinematics of the northern Tibetan-Himalayan orogen (Figure 5.10). In our 

model, the relative^ undeformed Qaidam basin is viewed as a secondary indentor 

translating along the Altyn Ti^ &ult. Because the strike-slip motion dies out at the 

eastern tip of the Altyn Tagh &ult [Meyer et al., 1996; van der Woerd, 1999], the total 

shortening in the Qilian Shan- Nan Shsin fold-thrust belt can be considered equal to the 

-350 km motion on the Altyn Tagh &ult. Furthermore, we interpret the clockwise 

vertical-
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Tarim; 

lige^rtes^hi 

Figure S.IO. Conceptual model for the Cenozoic kinematics of the Himalayan-Tibetan 
orogen. Straight arrows indicate northward indentation of India into Asia and secondary 
mdentation of the Qaidam basin in a northeastward direction. The model mvolves no 
rotation of the Qaidam basin, the Ahyn Tagh &ult or the Qilian Shan/Nan Shan fold-
thrust belt while cloclcwise vertical-axis rotation indicated by curved arrows are predicted 
through right-lateral shear on the right sides of the indenting blocks. 
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rotations in the Xining-Lanzhou area to result from right-lateral shear associated with the 

Cenozoic indentation of Qaidam into the Sino-Korean craton similarly to the mechanism 

drivii  ̂clockwise rotations on the eastern syntaxis of the Tibetan plateau [England and 

Molnar, 1990]. 
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